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ABSTRACT

Silicon solar cells operating with induced junctions rather
than diffused junctions have been fabricated. Induced junctions were
created by forming an inversion layer near the surface of the silicon
by supplying a sheet of positive charge above fhe surface. This charged
layer was supplied through three mechanisms:

1. supplying a positive potential to a transparent electrode
separated from the silicon surface by a dielectric,

2. contaminating the oxide layer with positive ions, and

3. forming donor surface states that leave a positive charge

on the surface.

A movable semi—infinite»éhadow delineated the extent of sensitivity of

the cell due to the inversion region. Measurements of the response of the
inversion layer cell to light of different wavelengths indicated it to be
more sensitive to the shorter wavelengths of the sun's spectrum than
conventional cells. The greater sensitivity occurs because of the shallow
junction and the strong eiectric field at the surface. Theory of the con-
ductance of the-inversion layer vs. strength of the inversion layer was
compared with experiment and found to match. Theoretical determinations
cf junction depth and inversion layer strength was made as a function of

the surface potential for the transparent electrode cell.



SUMMARY

This report relates experimental and theoretical work done to
demonstrate that an induced junction, formed by creating an inversion
layer at the surface of a semiconductor, can be used to separate hole-
electron pairs created by photons and thus can be used as a device to
convert solar radiation to electrical energy.

The results of the increase in outﬁut when the inversion
region is induced by a transparent electrode separated by an insulator
is de;cribed. An opaque knife edge drawn across thg face of the cell
deliéeated sensitive portions of the cell and showed the area of sensi-
tivity to increase as the inversion layer grew. The inversion layer cell
was found to be more sensitive to the shorter wavelengths in the sun's
spectrum than a conventional cell due to the shallower junction and the
strong electric field that exists at its surface.

Cells were fabricated by contaminating the oxide layer on the
cell with positive ions and thereby inducing an inversion layer in the
semiconductor. Results similar to the transparent electrode cell were
obtained. A decrease in cell response was found as the oxide was incre-

mentally etched aﬁay.

Attempts to fabricate a cell using surface states as the source
of positive charge were made and the results reported.

A match of theory vs, experimental results was made between the
conductance of the inversion layer and the magnitude of the inversion
layer. A study of the inversion region as a p-n junction and its action

as a photovoltaic cell was alsc made.
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The V-I characteristic of the inversion iayer cells shows a
small curve factor and therefore a low efficiency. This is due to a
high constant resistance and high reverse reduction current. Both of
these are not inherent in the operation of tﬁe device and can be

remedied.



I. INTRODUCTION

A metallurgical p-n junction with a built-in electric field across
the depletion region can act as a collecting medium for hole-electron pairs
created by photons. The unlike charges gather on either side of the
junction and cause a potential difference across the diode. A current can
be extracted from the device at a reasonable potential difference and
therefore the device is capable of delivering power to an outside load.
Maximum power can be drawn from the diode or photovoltaic cell b& adjusting
the load for ma#imum power transfer. Very low internal impedance is needed
to minimize the internal power consumption and raise the efficiency of. the
cell. Figuré 1 shows a typical V-I curve for a photovoltaic cell.

If the cell is used to convert the sun's radiation to electrical
power, the efficiency will dépend on the band gap of the semiconductor
with respect to the photon energy spectrum of the sun. The efficiency will
also depend on the collection efficiency of the p-n junction, that is, the
probability‘of a hole-electron separation by the field at the depletion
region before recombination takes place., The collection efficiency, then,
will depend on the distance of the junction from the places of hole-electron
creation, as well as the diffusion length of the charge carriers in the semi-
conductor. A conventional p-n solar cell configuration is found in Fig. 2.
The cross section of the device is shown in the drawing with the electric
field as shown. |

To obtain maximum power from the cell, certain factors arise
that require trade-offs to occur. For instance, to obtain a low internal
resistance for the n layer, and therefore little internal power loss in this

layer, a rather thick layer would be desirable. However, a thick layer

G.



means the field of the junction is deep into the top surface and hole-
electron pairs created at the surface by the short wavelength rays from the
sun will have a greater chance of recombining before being collected. So
the junction depth is adjusted as a compromise between the two needs.

Another similar adjustment is between the need for a heavily
doped n layer for low resistance and a lightly doped n layer for a long
diffusion length. Again considering the plight of the pairs produced at
the surface by the short wavelength portion of the sun's spectrﬁm.

Solar cells made in quantity for earth distances from the sun
can reach efficiencies around 12%. A junction depth of .5u and a doping
of 1018/cm3.is used to produce these cells.

Another type of p-n junction exists, however, besides the metal-
lurgical junction. This junction is an induced junction formed by attract-
ing electrons to the surface of a p type semiconductor and converting the
surface to n type. In the metallurgical junction the p and the n are
created by impurity dopants in the silicon but in the induced junction,
the n is created ;n the p semiconductor by capacitor action. A positively
charged layer is formed close to the surface but isolated from it. This
positive 1a§er will attract electrons to the surface and fill the p holes
until they are all filled and the electrons left over are free electron
carriers creating an n layer. A thin layer at the surface has been inverted
from p to n and is therefore called the inversion layer. Thus, a transition
from n to p appears at the surface. This induced p-n junction has a built-
in field and a depletion region as has the metallurgical junction. There-
fore, this junction should be capable of separating photon produced hole-

electron pairs and, therefore, act as a photovoltaic cell or solar cell.
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The inversion iayer cell has a distinct advantage over the conventional
cellﬁ however. Whereas the electric field of the cohveniional cell exists only
at the junction, which might be comparatively deep beneath the surface so that
no field exists at the surface, the field of the inversion layer cell originates
outside the surface so the field is maximum atithe surface. Thus, free charges
created at the surface by ultraviolet photons are found in a high field and are
aided by the force of the field on the carriers separating them faster than in
the conventional cell. Therefore, the inversion cell should produce more power
from the short wavelength part of the sun's spectrum because more pairs created
at the surface are collected before they recombine than in the conventioﬁal cell.
A cross section of the inversion layer cell is found in Fig. 3. To collect the
electrons, it is necessary that n diffusions be connected to the inversion layer
as shown.

The p type part of the celi below the junction is the same in both typés
of cells and, if the two are fabricated from the same resistivity wafer and the
same thickness, the response to the long wavelength part of the sun's spectrum
will be the same.

There is enough additional power in the short wavelength part cof the
radiation output of the sun to warrant an interest in investigating the possibil-
ity of obtaining a more efficient solar cell with the use of the induced junction.
This report considers experiments performed to investigate this possibility.

The amount of additional power that might be available at the shorter
wavelengths can be considered by observing the power spectrum from the sun
shown in Fig. 4a. Conventional solar celis convert very little of the sliorter
wavelengths to useful power. Figure 4b shows the spectral response of a conven-
tional cell. The poor response at the shortc; wavelengths is due to the fact
tha§ these wavelengths create hole-electron pairs at the surface of the cell and

must diffuse to the junction to be collected.. Most of them are lost by
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recombination while travelling to the junction and therefore contribute nothing
to the output current.

The inversion layer solar cell differs in several ways‘from the conven-
tional cell with respect to the collection of hole-electron pairs created at the
surface by photons from the sun in the short wavelength part of the spectrum.
Most of the -effective part of an inversion region is found within .1 um of the
surface and therefore represents a very shallow junction so carriers generated
at the surface can be collected before recopbination. Because an' inversion
region is formed by charges outside the surface, a high electric field exists at
the surface and extends into the silicon. This field tends to aid the cérrier
drift to the junction and therefore shorten the time for collection. Thﬁs, most
of the holes and electrons created at the surface should be collected. If we
assume that all of them are collecﬁed in the shorter wavelength region, we can
add that part of the spectrum to the'power converted by the inversion region
solar cell.

If this is so, the response vs. spectrum curve (for equal energy.input)
might look like the dotted portion of Fig. 4b, where an increase in response
in the shorter wavelengths as compared with the response of the conventional
cell is evident. (These are not data points but an estimation cf the response.)
The output of both types when exposed to the energy from the sun is shown in
Fig. 5. The dotted curve represents the inversion layer cell and the solid curve
the conventional cell. The increase in power output for this estimated dete;mina—,
tion is roughly 10%. Thus, qualitatively, it can Be seen that a greater response
of the cell in the shorter wavelengths will yield a greater overall output power
of the cell,

In order to induce an inversion layer in.a semiconductor surface, a

sheet of positive charge must be formed near the surface but isolated from it.



This can be accomplished in several ways. An obvious way is by creating a
capacitor on the surface with the semiconductor as the b&ttom electrode. The
insulator must be transparent and the top electrode must be somewhat conductive
and also transperent.

Silicon oxide (quartz) is transparenf over the'spectrum of the sun
and can be grown easily on the surface of a silicon wafer by thermal oxidation.
Other insulators and other methods can be used to form a dielectric on the sur-
face, but thermally grown 8102 will be used in the experiments described here.

Transparent conductors exist, but they are not of very low resistiv-
ity. éince the transparent electrode is not in the powef circuit of the.cell,
it is.not necessary that this electrode be very low resistance. A material
such as tin oxide will suffice.

A positive bias applied to the transparent electrode with respect to
the p semiconducting wafer of sufficient magnitude will cause an inversion layer
to grow at the surface. This is one way of obtaining an induced junction and
was used in fabricating cells.

Another method of obtaining positive charges above the surface is to

supply ions to the Si0, layer on the silicon surface, either as it is growing

2
or forcing it through the oxide surface after an oxide layer has been grown.
No transparent electrode is necessary because the ions will be the source of
positive charge.

Mixing a vapor strongly contaminated with a sodium compound with

the oxidizing vapors such as oxygen and water vapor used to grow Si0O. on

2
silicon will produce an oxide rich in Na atoms and some will be ionized.
Other substances can be used but Na was employed in the experiments reported

here. This is another way of producing an induced junction and is part of

thig report.



Yet another way of obtainiﬁg a charged layer is to treat the
silicon surface such that a large density of donor surface states are
created. The surface represents a drastic change to the ordered crystal
structure inside the bulk material and states with energies within the
forbidden gap are possible if the interaction with the outside atoms and
the silicon surface presents the proper properties. If these states yield
an electron to the silicon bulk at the surface, a positive charge is left
at the surface, the electron is trapped at the surface, and an inversion
layer is formed.

Experiments .on cells fabricated to bring out this means of
creating an inversion region are part of this report.

A theoretical analysis of the induced junction as a solar cell will
be reported. Fundamental equatioﬁs normally applied to p-n junctions will
be used. The boundary conditions aﬁd detailed equations peculiar to the
induced junction will bé applied to the fundamental equations to yield

results compatible with the experimental findings.

II. TRANSPARENT ELECTRODE CELL

A drawing of the transparent electrode cell is found in Fig. 6.
The positive layer is formed by applying a bias between a transparent con-
ducting film and the silicon wafer. The conducting film and the surface of
the silicon are separated by a layer of oxide thermally grown on the silicon
surface. | |

In order to fabricate a transparent electrode cell, a method of

depositing a transparent conductor had to be developed.



A, Transparent Electrode

Not many transparent substances that afford electrical conduction exist.
Tin oxide is one such substance. It can be deposited as a thin film by passing
fuming stannic chloride across a hot substrate in the presence of oxygen. Nitrogen
is allowed to flow through a beaker containing -the stannic chloride and oxygen is
allowed to pass through a water bubbler before both are mixed and channelled to
flow down the reaction tube. The center of the furnace tube is maintained at a
temperature of 530°C. A diagram of the apparatus is shown in Fig. 7.

The wafer to be coated is inserted into the tube on a quartz carrier
and positioned in the center where the reaction takes place. After a half hour
pre-heat, the gas flow is initiated and the wafer subsequently coated. At the
- present flowrates, a five minute deposition time gives a sheet resistivity of
450 ohm/sq. A plot of deposition time vs. ;heet resistivity is shown in Fig. 8.

Several slides were coated with a film of SnO, and subsequently, the

2
film etched from half of each slide. Tungsten light was used to illuminate a
conveﬁtional solar cell through the side of the glass slide with the tin oxide
coéting and then the side free of the oxide. Short circuit current ratios of
.8-.9 were obtained. Thus, the light attenuation of the thin layer of tine oxide
is not serious.

Since there is interest in the shorter wavelength sensitivity of the
inversion layer solar cell, there should be interest in ﬁhe transmission of the

tin oxide in this region as well as the longer wavelengths. C. W. Morrison in

his article in Applied Optics (Vol. 6, No. 3, Mar. 67, p. 573) presents a curve

of transmission vs. wavelength for a deposited film of SnOz. This curve is

reproduced in Fig. 9. It is obvious that although there is some attenuation, the

response of the cell will not be greatly affected‘in the short wavelength region,
Two sclutions are used to etch the transparent cénductor. One is an

active HCl etch and the other is an HF solution. The HCl is made active by



adding zinc to the 1:1 H, 0 - HCl1 solﬁtion. The etching takes place while the

2

zinc is reacting with the HCl. This etch is selective so only the SnO2 is
removed leaving the Si or 8102 untouched beneath it.

The HF etch is a 6:1 solution. This will also etch Si0O, and is,

2
therefore, useful when both layers need to be etched together. Both of these
etches are compatible with photoresist masking.

. The effect of temperature on the formation of SnO2 on Si wafers is
shown in Fig. 10. The formation of a significant layer does not occur either
at too low or too high temperatures. An operating temperature of 530°C was

chosen because this temperature represents a somewhat flat minimum that would

allow some temperature variation for consistent results.

B. Transparent Electrode Cell

1. Large area cell

Transparent electrode inversion layer solar cells were fabricated
using the standard processing Fechniques of the Solid State Engineering
Laboratory at The University of Arizona. An outliﬁe of this process is found
in Appendix I. An oxide was thermally grown and selectively etched for diffuf
~ sion of n type impurities in areas shown in Fig. 11. The dimensions of this
finger pattern are siﬁilar to the contact pattern of a conventional solar cell.
An oxide was grown during the diffusion process. The oxide was covered with a
transparent conducting coating of 450 ohm/sq.'SnOZ.

Contact to the diffused areas has to be made so the transparent
electrode and the-SiO2 have to be etched to the silicon in these areas.
Since the inversion layers only grow beneath the trénsparent electrode,
tﬁe transparent electrode should overlap the diffused areas to allow good

contact between the inversion layer and the diffusions. Thus, a mask sim-~

ilar in shape to the patterns in Fig. 11, but with narrower widths was
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made and used to étch the transparent electrode. If both oxides are etched
together, a good possibility that deviations along the periphery will allow
the transparent electrode to contact the silicon in small spots and ca;se
leakage problems. Therefore, the silicon oxide is etched to the silicon
using a mask with narrower linewidths than even the mask used to etch the
transparent electrode. Thus, the silicon oxide extends beyond the tin
oxide for better isolation and yet-the tin oxide overlaps the diffused n
regions to allow inversion to occur up to the diffusion.

Measurements were made on the cell's response to various levels
of simulated radiation from a Sylvania FBE light source. A conventional
solar cell previously calibrated at JPL was used to estimate the radiation
level. The power to the light source.was supplied thrcugh a vafiac so
that response could be measured at different light intensities. Radiation
densities from 72 mw/cm2 to 178 mw/cm2 were used.

The first data taken on the cell were measured with electronic .
apparatus shown in Fig. 12. The short circuit current was mgasured with a
digital voltmeter across a .l ohm resistor. The data were plotted from
the points taken at different bias settings.

Leakage through the transparent electrode was measured with the
U ammeter in series with the power supply and found to be less than 0.3qn
ampere at 40 volts.

The results are shown in Fig. 13. The short circuit current
change is shown as a function of the change in trgnsparent electrode bias.

At a large negative bias (~40V) ihe response of the cell will
depend on the collection of charges from the long, narrow p-n junctions
~diffused in the finger pattern. This occurs because any iﬁuersion region

~found- there will be swept away by the pegative -charge con the-transparont
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electrode leaving the diffused junctions as the only collecting medium.

For -40V bias and 142 mw/cm2 we used, the inversion layer cell responded
with 27 ma of short circuit current. At 140 mw/cm2 the calibrated conven-
tional cell we used will respond with 133 ma of short circuit current. The
collection efficiency is obviously low for the long, narrow junctions.

At zero bias on the transparent electrode the cell has a better
response due to a small inversion layer normally found on high resistivity
p type surfaces. |

An enﬁancement of the response of the cell is.found for positive
biases. This conforms to the expected action of the cell. As the bias
becomes more.positive, the inversion layer builds and provides a larger
area acting like a p-n junction and, therefore, more charge separation and
collection.

These results sﬂow that the effect of the inversion layer does
enhance the output of the cell.

I-V characteristic curves were also made on this cell showing an’
increase in the current but not affecting the voltage greatly. A set of
curves is found in Fig. 14 for an illustration of 140 mw/cmz. A block
diagram of tﬁe apparatus arrangement used to plot the V-I curves is shown
in Fig. 15. An objectionable series resistance was found in the current

path of the cell, giving a slope to the lines near the zero current axis.

2. Small area ceil

Ouc cf the problems'encountered in the fabrication of cells stems
from pin holes that cause shorts and leakage from the transparent electrode
tc-other parts of the cell. Any hole in the oxide can expose the trans-

parent electrode to the silicon surface. Since the density of pin holes is
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not large, smaller cell sizes would.increase the chance of obtaining a ''good"
cell. Information gained from a smaller cell would be just as valuable as a
. large 2x2 cm cell, so masks were made to reduce the size of each cell from
2x2 cm to .5 x .5 cm. This allows a matrix of 4x4 cells to be fabricated
simultaneously on a 2x2 cm wafer. Thus, from the sixteen areas some will be
pin hole free and therefore subject to close examination.

' Since the area of each cell will be small, there is no need for a
multiple finger contact pattern. One contact area in the center would suf-
fice. A more useful structure can be made, however, by providing two contact
stripes so measurements can be made between them. This arrangement will be
particularly useful in the contaminated oxide and the surface state cells.
The mechanism that creates the inversion regions will be effective cnly in
the area between the two stripes. Therefore, a conductance measurement
between the two stripes will give én indication of the magnitude of the
inversion layer between them.. Metallic contact to the top of the silicon
is made by an evaporated layer of metal (Al) etched into a grid pattern. The
space openings are .4 cm x .4 cm. Within each opening are two stripes of
metal separated by .25 ém. An n type diffusion exists under each metallic
stripe, in the p type wafer creating two p-n junctions, .35 cm long, .075 cm
wide and separated by .25 cm. A .25 cm and .35 cm layer of silicon dioxide
toﬁped by a transparent conducting layer of tin oxide is formed on top of the
silicon between the two stripes and slightly overlapping each stripe. This
configuration is seen in Fig. 16. A cross section of the device is shown in
Eig. 17.

When a positive bias is placed betwe;n the transparent electrode

. and the wafer, negative charges are attracted tc the top of the silicon
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between the two n diffusions. Thus, the p type wafer at the surface is
converted to n type. The two n diffused stripes are thus connected
together by this n layer affording conduction between them. The conductance
will depend on the magnitude of the positive bias to the electrode. If a
charge already exists on the silicon surface due to filled surface states or
contamination, conduction will take place at zero bias. This zero bias
conéuctance can be reduced by applying a negative bias to the transparent
electrode, causing the negative charges to leave the surface and convert it
back to p type. Once the semiconductor between the two n diffusions is'p
type, at least one reverse biased junction appears in the current path
between the n diffused areas. This 1imits the current to the reversed bias
saturation current 1.

Thus, a plot of I vs. bias to the transparent electrode will range
from I, to comparatively large valﬁes of current. If I is forced through the
circuit with a small constant- potential (in this case, .lv), then I will be
directly proportional to the conductance of the device.

Such a plot for one of the small cells is found in Fig. 18.
Measurements were made in the dark to eliminate any photo voltage that might
occur and upset the results. From examination of the plot it can be seen
that there is an inversion layer at zero bias occurring near .Cl ma. This
can be attributed to either a trapped surface charge or an ionic charge in
the oxide or some of both. Saturation in this plot occurs at near -20V and
levels off at 1 pa. Since the area of the reversed biased n diffusion is
.3 cmz, the séturation current is 3.3 x 10_6 A/cmz. From ~-20V bias the
curve rises at first in a linear fashion and then bends over as higher bias

- potentials are applied. Since the current ic a direct function of the
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electron concentration n, and n is a direct function of the applied poten-
tial, we would expect the current to be a linear function of the applied
- bias. The mobility changes, however, causing the nonlinearity. .

The thickness of the silicon oxide befwéen the silicon surface
and the tin oxide is 6000 2 in this sample. The electrical breakdown
potential of 6000 R on SiO2 is 360V. Cells similar to the one reported
abo&e broke down at 200 volts so measurements were limited to a maximum
applied bias of 150V.

The plot in Fig. 18 illustrates the growth of an inversion region

and will give us some indication of the concentration of carriers at the

surface.
Now the conductance G is eqﬁal to
G = c.%E
but
0 =qny
s0
G2

BT qwe

1]

G at 50V bias .32 mili mhos
£ = .25cm, w= .35 cm

.7 x 103 cm?/Vsec

=
1]

and assuming an inversion layer thickness of .1y, we obtain

1
n=1.9x 10—7 carriers/cm3
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This same parameter can be estimated by cousidering the capacitive action

between electrode and silicon. The capacity between the two can be found

. by
- EA
C=3
A is érea of electrode
v S is thickness of SiO2
but
_ _ EAV
Q =CV = 5
S0
Q_ &V
A S
but
=Q
qnt A
sO
ns= ..EV_
qts
where
e = 3.5 x 10713 farad/enm

V = 50 volts

t = .1x 10-4 cm
[+]

s = 6000 A

thus, n = 1.8 x 1017/cm3, in good agreement with the value of n above.

These are simplified determinations of n because other factors such
as the nonlinearity of G vs. bias and the surface charge on the silicon were

_left out; nevertheless, it does show compatability between the two methods
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and gives some confidence that the strength of the inversion layer can be
determined by a conductance measurement.,

This will be important when we try to determine the strength of
the inversion layer when no transparent electrode exists sﬁch as in the con-
téminated oxide cell or the surface state cell.

Another cell was chosen from the same wafer (series 6, wafer 1)
and a plot made of I vs. bias between the two n diffusions at an applied
potential of .1 volt. A plot of this cell is found in Fig. 19.

Althoﬁgh the current for negative values of bias and the current
for large positive valﬁes of bias is the same for both cells, an important
difference exists in the shape of the curve around zero bias. For cell
No. 1 a significant inversion layer is apparent but for cell No. 2, no inver-
sion layer exists. Thus, eveﬁ on the same wafer, one can see the ion con-
tamination and surface state contribution to the inversion layer vary
somewhat.

This illustrates that different conditions at the surface or in -
the oxide can cause different inversion intensities at zero bias. The
factors that bring this about will be studied in order to enhance the
effect and create strong inversions without the use of a bias on a trans-
parent electrode.

From the data of conductance vs. bias between the two stripes,

a determination of the strength of the inversion layer for thebcontaminated'
oxide layer can be obtained. This is accomplished by making a conductance
measurement between the two n diffusions and relating this to the bias
required toc obtain the same conductance.

A schematic of the arrangement of equipment uséd to make these

measurements is found in Fig. 20. The p waler was counuected to the n
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diffusion on the negative side of the .l volts so the other pn junction
would be reverse biased.

Curves of short circuit current vs. bias on the transparent
electrode were made on the two cells from series 6 No. 1 wafer mentioned
above. The plot for these cells is found in Fig., 21, cell No. 2 as the
upper and cell No. 1 as the lower curve. One of the significant things
to be pointed out as the two curves are compared, is that they are essen-
tially the same shape but have been shifted Qith respect to the vertical
axis. For instance, the two curves would be alike if the lower one is -
shifted about 20 volts to the right. This further illustrates the fact
that an inversion region can exist at 0 bias or if no transparent electrode
existed at all. Why there is this difference in two cells on the same
wafer has not been determined, but variations can occur occasionally in
processing especially wheﬁ the surface is an important factor. 1If, for
instance, during a cleaning operation a slight residue was left on part of
the wafer, that part could manifest a different surface phenomena than the
other parts on the wafer.

Another significant fact to be gained from Fig. 21 is the in-
crease in cell response as a bias is applied. A ratio of %4% = 2.3 is
obtained from +150 volts to -50 volts. The curve bends over into a satu-
ration condition as we would expect. The conductance curves do not
saturate, however, as shown in Figs. 18 and 19. This can be explained
because as shown by the equations derived above for n and G that G is a
linear function of n and n is a function of the applied bias V.

An attempt to determine the sensitivity of the inversion layer

cell to the shorter wavelengths, one of the ‘small cells was exposed to a
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light source streng in ultraviolet and compared with the conventional n over
p cell. A cell from series 6, wafer 1 was chosen and a plot of short circuit
current vs. transparent electrode bias was made for an incandescent FBE
photoflood lamp at 140 mw/cm2 as calibrated by a standard cell. This is a
normal plot and is found as the lower curve in Fig., 21. This same cell was
then exposed to an ultraviolet source consisting of a fluorescent tube de-
sighed as a '"black light" source. A plot of I_. Vvs. electrode bias is found
in Fig. 22. Several interesting differences are fognd between the response
of the cell when exposed to the FBE lamp as when exposed to the ultraviolet
source.

The light intensity of course is much smaller and therefore the
maximum current is 2.75 ma for the FBE lamp and 39 ua for the uitraviolet
source. The shape of the curve is very interesting. The transition is
sharper, and the saturation at positive biases is flatter. The tramsition
takes place at negative values of bias and levels off at a higher negative
bias for the ultraviolet than for the FBE source. It will be shown later
that the change in flatness and steepness is due to the lower light intens-.
ity rather than the difference in spectrum.

An indication of fhe relative response of the two different cells
was obtained by exposing the conventional cell to the FBE source and then
the inversion cell to the same source. Then the two cells were exposed to

the ultraviolet source in turn. The results are as follows:

FBE Source UV Source
Conventional cell (ISC) 133 ma ' .22 ma
Inversion cell (ISC) 2.75 ma - .039 ma

{(+150V bias)
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The ratio of the short circuit currents for the two cells for the
FBE source is 133/2.75 = 48. That is, the conventional cell generates 48
times as much as the inversion cell. However, for the U.V. source the ratio
is .22/.039 = 5.7 so the conventional cell does not generate nearly as much
iﬂ proportion to the inversion cell. Therefore, the power output for this
part of thé spectrum should be much greater for the inversion cell. The
area of one of the small area inversion cells is about 1/40 of the area of
a conventional 2x2 cm cell. If we use this factor, a 2x2 inversion cell
should produce 2.75 ma X 40 = 110 ma compared to 133 ma for the conventional
cell if flooded with 140 mw/cm2 of incandescent light, whereas if exposed
to U.V. ligh£ only, the 2 cm x 2 cm inversion cell would produce .039 ma x
40 = 1.56 ma compared with .22 ma of the conventional cell., This result is
compatible with the claim thét the inversion cell would be more sensitive in
the short wavelength because the hole-electron pairs are created at the sur-
face in a strong electric field and this field separates the carriers quickly
before they.recombine.

To further substantiate this, a 2 ¢cm x 2 ¢m inversion cell pro-
cessed before (series 5, wafer 1) was exposed to the FBE lamp at 140 mw/cm2
yielding 30 ma ISc and to the U.V. source yielding 1.2 ma Isc'

The ratio of 2 2 cm x 2 cm conventional cell to 2 cm x 2 cm
inversion cell was

133 ma _ i ﬂ‘
30 ma - 4.4 for FBE

and

222 ma

1.2 ma = .18 for_b.V.
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So although the conventional cell is 4.4 Fimes as sensitive as
the inversion cell for white light, the inversion cell is five times as
sensitive as the conventional cell in the U.V.

Another attempt to observe the affect of a chgnge in spectrum
was tried by using still another light source besides the two used above.
A mercury vapor source rich in the shorter wavelengths, but containing a
spectrum in the visible also, was used on the two cells for comparison.

A plot of I . vs. transparent electrode bias is found in Fig. 23.
Notice the curve is steeper than the FBE high intensity.source, but not -as
steep as the U.V, source.

Again this difference is probably due to the intensity rather
than‘the spectrum. The same analysis is ﬁade as before by looking at the

ratio of I for the conventional cell with respect to the inversion cell.

FBE Lamp Hg Source
Conventional cell (ISC) 133 ma 17 ma
Small inversion cell (IS ) 2.7 ma .49 ma
(150V Bias) ¢ :
2x2 cm inversion cell (Isc) 30 ma 6.7 ma
The ratios are:

Conv. cell ' _

Small inv. cell (FBE) = 50

Conv., cell (Hg) = 35

Small inv. cell



_ 133
(FBE) = 30 4.5

Conv. cell
2x2 cm inv. celli

Conv. cell
2x2 cm inv.

oo 17
cell (Hg) = 6.7 2.5

Again the evidence shows that a short wavelength rich source will
decrease the ;atio between the conventional cell short circuit current and
the inversion cell short circuit current.

‘ Another attempt to ascertain the affect of spectrum on the rela-
tive response of the two types of cells was made by exposing both cells to
radiation from the FBE photoflood lamp as the current through the lamp was
changed. This change of current would change the temperature of the fila-
ment and, therefore, the spectral distribution. The distribution would
change from a peak in the infrared to a peak near the visible,~ A short
wavelength tail is present, but small, for the hotter temperature. The
temperature was changed by changiﬁg the setting of the variac used to power
the lamp. The intensity of the radiation also changes, so a plot can be
made of cell response (ISC) to variac setting. If there is a difference
vbetween the two cells in response to the visible wavelengths, the curves
of ISc vs. variac setting would show the difference. In fact, if the
inversion cell is more sensitive to the middle of the spectrum, we should
see a greater relative output at the higher variac settings where more of
this light is found in the spectrum. The upper curve in Fig. 24 shows
the ISC response vs. variac setting for the conventionél cell and the
lower curve the response for the inversion cell at a transparent electrode
bias of +150V. The upper curve of Fig. 25 shows the response of the inver-
sion cell at ~-100V bias to the transparent glectrpde. The curves look

similar and a comparison between the conventional cell and the two parts



of the inversion cell is found in the lower part of Fig. 25. This figure
shows the ratio between the conventional cell output and the inversion cell
output vs. variac setting. If the ratios change, this would indicate that
the spectral distribution could be a factocr. From the results of Fig. 25,
it is noted that very little change occurs that could be attributed to a spec-
trum chanée. This result is not incompatible with the U.V. results because
very little U.V. appears in the FBE lamp even at high current. The conclusiqn
to be reached, then, is that the inversion cell is not more seﬂsitive in mid-
visible spectrﬁm but only in the shorter wavelengths.

A number of plots of ISC vs. bias for different variac settings
for the FBE‘lamp were made. TFigure 26 shows the curves for variac settings
of 40, 60, and 100. The trend of sharper rises and flatter saturation is
noted as the curves are comﬁared. .Each curve was normalized at the negative
bias saturation. To illﬁstrate that the change in shape is due to intensity,
the FBE light source was effectively removed to a greater distance and a plot
obtained for a variac setting of 100. This plot is the dotted plot in Fig.
26, and if it is compared with the other 100 curve, the difference in shape
is obvious. The shape, in fact, corresponds to the shape of the curve with
the same in£ensity with the lamp closer. Thus, the curve shape changes
with the same variac setting and therefore the same spectral distribution,
but with a difference in intensity.

The antireflection coating on a'coﬁventional cell cduld explain
the reason less responée is obtained for this cell rather than the inversion
cell if a strong reflection and, therefore, a weak absorption, occurs at
the shorter wavelengths. The inversion ce}l has. no antireflection coating,

therefore no discrimination due to this coating is possible whereas if the
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antireflection coating of the conventional cell is of the proper thickness
discrimination in the short wavelengths can occur. To establish that this was
not happening, a conventional cell other than the calibrated JPL cell was
measured along with the calibrated cell. A plot.of isc vs., variac setting
ié found in Fig. 27. These cells are very much alike as one can see by
examining éurve 1 and 2; The antireflection coating was removed from cell
2 and a measurement of ISC vs. variac setting was taken. This éppears as
curve 3 in Fig. 27. A comparison between the two curves shows that the
antireflection éoating does not alter Isc for different visible spectral
distribution. A test‘needs to be performed, however, in the U.V. to test
the respons; in the area of interest. For white light, about 140 mw/cmz,
(variac 100) the ratio of the conventional cell before and after removal

115

of the antireflection coating is 7 = 1.7. For the mercury vapor source
15 '

the same ratio is ——- = 1.5 and for the ultraviclet source the ratio is

10

f%% = 1.45. These results show very little rejection of the U.V. due to
the antireflection coating and, therefore, substantiates that the greater”
response of the inversion cell is due to the large electric field at the
surface aiding the charge separation.

Another cell on wafer #1, series 6, was chosen to be used to
measure a number of interesting things about the inversion cell. A plot
of conductance between the n diffusion regions vs. transparent electrode
bias for this cell is found in Fig. 28 forAa FBE light intensify of
140 mw/cmz. The plot is similar to the ones on the same wafer.

Figures 29, 30, and 31 show the ISc response vs. bias for white
light (FBE), Hg light and U.V. light sources respectively. No new surprises
are found in these curves if we compare them with the otEer curves of

P S 4
series u.
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A new set of data was taken on this cell that was not taken on
the others that gives further insight into the effectiveness of the inver-
sion layer as a photon produced charge collector.

Provision was made for a semi-infinite plane with a knife edge
to be inserted between the light source and the solar cell surface. The
plane was very close to the cell surface so the radiation could be blocked
off from a portion of the cell leaving the rest of the cell illuminated.
The plane was mounted on a carrier that coula be precisely positioned with
a micrometer head. Thus, the edge of the plane could be accurately
positioned at any point over the cell with respect to an edge of the cell
area. The response of the cell as portions of light are prevented from
illuminating the cell will indicate how fér from the diffusion areas is the
cell sensitive to the collection of hole electron pairs generated by photons.

Figure 32 shows.the results of cell response (ISC) vs. distance
of the knife edge from the edge of the cell area for various values of trans-
barent electrode bias. The edge of the cell area is the edge of the metal
grid structure used to contain the p wafer that separates each cell area.
The data to plot Fig. 32 was taken by drawing current from only one of the
n diffusion areas, the one farthest from the cell edge at 0 inches. The
dark bars at the bottom show the n diffusion areas and the dotted lines are
the cell edge areas. An outstanding feature of this family of curves is the
extension of the sensitive aréa as the'inversion region grows with bias. 1f
the 90% point of each curve is taken, shown by the arrows, it can be seen
that as the inversion region becomes stronger, the sensitive area becomes
larger and thus will accept more of the charges created dy photons. There~

fore, the respcnse of the cell becomes greater and the power output more.
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At -10V bias the 90% point is .02 inches from the near edge of the dif-
fusion region used to extract power, whereas at +80V btias the 907 point
is .03 inches from the edge of the diffusion region. At -20V bias the
charges diffuse to the depletion area of the diffused p-n junction and
are collected ;here but when an inversion region exists in this region, the
charges can be separated by the induced p-n junction at the surface increas--
ing.the probability of a collection before recombination. At distances
greater than .03 inches from the diffusion area or distances less than .078
inches from the edge of the cell area no increase of response is observed as
light impinges on this area because the hole-electron pairs created there
recombine before reaching the n diffusion area even though collected by
the inversion layer. The linear response from the near edge of‘the diffusion
region as the light is eliminated over the diffused area is due to the fuzzy
edge of light on the cell due to the diffuse nature of the FBE light source
and the distance the knife edge had to be above the cell in order to clear
probes to the conducting areas.

Nevertheless this region is not affected by the bias and, there-
fore, not affected by the inversion layer. The diffusion length is about
.015 inches for minority carfiers in the p wafer.

An interesting parallel to the analysis of Fig. 32 is found in
Fig. 33. Here the same type of curves were made but both n diffusion
regions were connected together. Since the étart of the plot from 0 distance
on eliminates light over a diffusion region, as does the end of the plot,
the slope at the beginning and the end should be the same. For a -20V bias
the photons at middle of the cell generate qhanges that do not reach either

. depletion region and thus a flat portion occurs.
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For the OV bias curve a flat portion should occur but should be
shorter than the -20V curve and shorter‘at both ends. For the +80V bias
there is response across the entire length of the cell as one would expect
because of the presence of the inversion layer. At about .06 inches a lump
cén be noted. This is due to the bending of the curve from the collection
of carrieré by the left n.diffusion and the influence of the collection of
carriers by the right n diffusion. The curve could approximate a straight
line by placing the two diffusion areas closer together. Placiﬂg them very
close would cauée the diffusion length to overlap and straighten the -20V
curve.

Figure 34 shows a similar plot of knife edge vs. I_.. response for

sc
a mercury vapor light source. This light source is a point source and there-
fore much less diffuse than the FBE lamp and the shadow edge is much sharper.
Therefore, we do not see the characteristic slope at the end of the curve as
for the F3E lamp. 'This curve acts as would be suspected; that is, the curve
flattens out as it passes over the aluminum on the active diffusion area and
sharply dips at the end as the sharp shadow passed over the exposed area
between the n diffusion apd the edge of the cell or aluminum matrix. A
marked différence in the extent of influence of the light when the inversion
lzyer is present than when it is not, is brought out by comparing the 80V and
~20V curves in this figure. The ultraviolet rich source will create holes
and electrons near the surface where they éan'be separated by ﬁhe strong
field there before recombining.

Figure 35 shows this same cell in response to the U.V. source.
Only one contact was used. This source is a diffuse source so we have a
fuzzy shadow as in the FBE lamp and a slope exists at bofh ends for the OV

E Y -~ -3 . £ A ANrveae o, ~ -~ B4
to 80V bizos. The slope cxists at the left end because the cocllection of
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carriers for these wavelengths extends across the qell and the aluminum
over the diffusion area blocks out the light. The -20V bias curve collects
carriers from a greater distance than for white light but not as much as
when the inversion layer is present.

Thus, it has been demonstrated by this set of experiments that
the induced p-n junction and associated electric field does indeed separate
the hole-electron pairs created by photon irradiation.

Evidence also points to this cell being extra sensitive to the
ultraviolet spectrum. It was also pointed out that the.separation of the
n diffused areas for optimum collection should be closer than the separation
of the n diffusion in the test cells.

A curve of solar cell current vé. cell output voltage for the
transparent electrode cell is found-in Fig. 36. Biases of -20, 0, 40 and 80
volts were used. The illumination of the FBE lamp was adjusted for 140
mw/émz. The maximum power at a bias of 80V is about .51 milliwatts, at a
Sias of 40 about .47 milliwatts, at OV about .4 mw, and at O bias about .3
mw. Since the area of the small cell is about .1 cmz, the efficiency of the

cell at 80V bias is

.51 _ g
50 x 1 - .036 3.6% .

and the efficiency of the -20V bias is

.3
— = 2.1% .

14

The short circuit current - open circuit voltage at 80 volts bias product
- yields an efficiency of

48 x 2.3 o
T = 079 = 7.9%
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An experiment was performed to obtain a comparison of the response
of the transparent electrode cell to the sun with respect to an FBE phote-
flood lamp. The results show a short circuit current increase of about 107
when illuminated by the sun with respect to the photoflood illumination.
This result islshown in Fig. 37. |

The twe curves in Fig. 37 were plotted from data obtained by
ill&minating the cell with 120 mw/cmz, which is the sun's intensity at noon
in Tucson. The 120 mw/cm2 figure was obtained by exposing a conventional cell
(calibrated at 133 ma short circuit current for 140 mw/cm2 illumination) to

the sun and getting a short circuit current measurement of 110 ma. This

corresponds to an illumination of

= - /) = ] R
133 X 140 120 mw/cm

The curve labelled "sun illumination" is the curve obtained in the
sun as a function of the bias‘on the transparent electrode.

The intensity of the photoflood light source was set to illuminate
the éonventional cell so an Ig, output of 110 ma was obtained. Data on the
transparent electrode were then obtained af this illumination and is plotted
as the lower curve labelled photoflood-illumination in Fig. 37.

Thus, the transparent electronde is more sensitive to the radia-
tion from the sun than with radiation from aﬁ incandescent source when the
two sources are adjusted for equal response to a conventional scolar cell,

1nis phenomena can be explained by considering the difference in
spectral distribution between the sun and the photofloed lamp. If the conven-
tional cell is not as sensitive as the inversion layer cell ‘to a part of the

pectrum, the shorter wavelengths feor instance, but both are equally sensitive
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to the rest of the spectrum and the two cells are exposed to two different
light sources, one containing the short wavelengths and the other deficient
in short wavelengths, then the inversion layer cell will show a greater out-
put for the spectrum with the short wavelengths. The reason for this stems
from using the conventional cell as a calibrator. The same short circuit
current ié demanded of both light sources so the illumination in the spec~—
trum that both cells are sensitive to is the same in both but added to this
is the part of the spectrum in the short wavelength source tha£ only the
inversion layef cell can convert to external current. For the tungsten light
source no extra radiafion exists that the inversion layer cell is sensitive
to that the.conventional cell is not.

It is interesting to notice that as the inversion layer grows,
so does the difference betwéen the responsé to the two light sources, and
where there is no inversion layer (at negative biases) there is no differ-
ence between the two sources of illumination. This supports the conjecture
that the high field at the surface of the silicon aids the collection of -
the hole~electron pairs created at the surface by the short wavelength

part of the spectrum. -

IIT. CONTAMINATED OXIDE CELL

A special furnace was prepared to grow oxide impregnated with ions.
Oxygen and nitrogen gases were metered and valved so combinations of flow-
rates of either or both gaées could be passed doﬁn the quartz tube heated
by the furnace to 1050°C. _An alternate path for oxygen is provided through

a bubbler. If pure water is used in the bubbler, a steam oxide can be grown



on a silicon wafer surface comparatively free of contaminated ions, but if
a substance rich in ions, that would serve as positive charge sources in
the oxide, was dissolved in the water, some of the substance would carry
over with the water vapor and contaminate the oxide. Sodium chloride was
used as the substance rich in contaminating ions. It is well known that
sodium can act as a source of positive charge from studies made on MOS
transistors. Other substances will be tried after NaCl is characterized.
The small cell configuration was uéed to evaluate contaminated
oxide solar cell response. Conventional fabrication procedure was used to

form the cell, except the oxide over the area between the n diffusions was
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grown with a vapor formed by bubbling oxygen through a sodium chloride solu-

tion. Thus, the oxide should be interspersed with Na atoms, some of which

are positively ilonized. This positive charge in the oxide will cause elec-

troms to accumulate'at thé oxide silicon interface and, if strong enough,
produce an inversion layer in the semiconductor.
The steps used in processing the following contaminated oxide
inversion cells is outlined here:
1. SiO2 was grown on wafer for 50 min. at 1100°C. This produced
6000 2 layer of oxide.
2. Grid pattern was etched through the oxide using conventional
photoresist process.
3. 15 minute predeposition of n4type dopant (phosphorus) was
accomplished using standard procedures.
4, The oxide growth was completely removed from the front and back
of the wafer.
5. Using the auxiliary furnace, a contaminated oxide was grown on

-~ 3 ~ e v ~ -y
contaminate was 4 grams of NaCl completely



dissolved in 400 ml. of deionized water in the bubbler.

6. This layer of oxide was etched with the photoresist process to
provide a grid pattern on the diffusion areas, but was smaller
than the diffusion areas themselves.

7. Vacuum deposited aluminum on front of wafer.

8. Etched aluminum into grid pattern.

10 ohm cm, 2x2 cm, p type wafers were used.

Four wafers were processed with different contaminated oxide
thicknesses thinking that if the distribution of Na atoms is uniform in the
oxide, the total charge density would be a function of the oxide thickness.
Therefore, the inversion layer strength should increase with thickness and,
consequently, the response of the cell. Oxide thicknesses of 700 K, 900 K,
1250 & and 3600 & resulted from subjecting each wafer to the same vapor flow
but different lengths of time in the furnace.

The éhort circuit cﬁrrent for an illumination of 140 mw/cm3 was
averaged over the nine cells on each wafer. The results for the four wafers

are shown below.

Wafer Oxide Thickness Igc (140 mw/cmz)
1 700 A 1.1 ma
2 900 A . 1.15 ma
3 1250 A | 1.25 ma
4 3600 A ‘ 2.12 ma

This data is piotted in Fig. 38.
A definite increase is noted in the thicker oxidé showing a larger

inversion region. If the curve is extended to zero oxide thickness at the
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lower end, a value of about 1 ma I, is noted. This is compatible with the
results found for the transparent electrode cell whére,‘at zero bias, the
curve leveled off at about 1.0 ma at 140 mw/cmz.

Thus,'it can be seen that ionic ccntamination can create an inver-
sion layer of sufficient strength to affect fhe power output of the solar

cell.

IV. SURFACE STATE SOLAR CELL
Different methods of treating the surface of a silicon wafer to
create occupied surface states during the fabrication of inversion layer
solar cells were tried. Small area solar cell masks described above were
used to fabricate cells with different processing procedures. Four 2 cm x
2 cm wafers with the small cell pattefns Qere processed in four different
ways.
The first wafer was processed in the following way after the n
diffusion:
1. The final oxide was grown for 12 minutes using steam and oxygen.
2. The Qafer was pulled slowly from the furnace with steam and
oxygen on.
3. Holes in the oxide were etched for aluminization.
4. The wafer was aluminized and etched.

5. The wafer was sintered for 4 minutes at 480°C.

The average short circuit current over the 12 cells on this wafer
was 2.08 ma for an illumination of 140 mw/cm2 from a FBE incandescent light
source,  Variation of ISc response from cell 'to cell over the wafer ranged

from 1.9 ma to 2.1 ma. 2.08 ma can be compaxe& to the transparent electrode
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cell of the same configuration where a bias changed the cell from 1.2 ma to
2.8 ma (+160V). Thus, there is an inversion region created by mechanisms
at the surface or in the oxide or both.

| The second wafer was processed as the first wafer except the

aluminum in Step 4 was sintered before it was etched. Thus, the aluminum
over the oxide over the sensitive portion of the cell is allowed to interact
with the top surface and reduce the surface states at the Si—SiO2 interface..
This annealing effect is probably due to the interaction of the.aluminum with
a slight trace of water at the top surface. This interaction produces
hydrogen and hydrogen diffuses rapidly through the oxide at the sintering
temperatureé and partially pacifies the surface states at the interface.
Thus, the response of the cells on wafer #2 should be less than the response
on wafer #1. Such is the case because the average ISc for the cells on
wafer #2 is 1.58 ma withAa variation across the wafer of 1.5-1.7 ma. This
is a significant change compared to wafer #1 and illustrates how a change
in processing can effect a change in the strength of the inversion layer. -

Another wafer was processed differently than wafer #1 or #2.
Whereas in the first two wafers, both steam and oxygen were left on in
steps 2 and~3, only oxygen was left on in fabricating wafer #3.

Steps 1, 4, 5 and 6 are the same as wafer #l1. The schedule is
.iike this:

1. During final oxidation 7 minutes.of’oxide was grown using steam
and oxygen.
2, The steam was then turned off and the wafer was left in the
furnace for 5 minutes with dry oxygen on.

3. Wafer was then pulled out slowly with dry oxygen on.-
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4. Pre-ohmic holes were cut in oxide.
5. Wafer was aluminized and etched.

6. Wafer was sintered for 4 minutes at 480°C.

The average short circuit current over the twelve cells is 1,66 ma
with a spread of 1.2-2.0 ma. The average is significantly less than wafer #1
but the spread is much larger than wafer #1. Thus, there is a difference in
ISC between wafer #1 and wafer #3 which indicates that whether steam is
present or not, as the wafer cools, does affect the surface states and thereby
the magnitude of the inversion region.

Another variation in processing was tried in fabricating wafer {#4.
The procedure is essentially the same as wafer #3 but nitrogen was used in
Step 2 and 3 instead of oxygen. Steps 1, 4, 5 and 6 are the same as wafer
#1 and #3. The average L for this group of cells was 1.78 ma with a

spread of 1.4-2.0 ma.

A summary of the results of this experiment is found below.

Average I.. Spread
Both steam and O2 left on 2.08 ma 1.9-2.1 ma
Al sintered before-etch 1.58 ma 1.5-1.7 ma
Only 02 left on 1.66 ma 1.2-2.0 ma
Only N_ left on 1.78 ma 1.4-2.0 ma

2

The results of this experiment show a change in inversion layer
is possible with a change in processing. This can be attributed to surface
state phenomena since the other source of induction, contamiration, should

be a minimum.
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Another wafer was processed to investigate surface state creation

of inversion layers. The following procedure was used to process the wafer:

1. Normal process through diffusion step.

2. Ali uvxide waé stripped from wafer.

3. 4500 & of steam oxide was grown.

4, Wafef was slowly pulled from furnace with steam on.

" 5. Pre-ohmic holes were cut.

6. Wafer was aluminized and sintered for 4 minutes at 480°C.

All sixteen cells on the wafer responded to illumination from the
FBE incandescent lamp. Short circuit current ranging from 1.6 to 2.8 ma were
measured. The average over the wafer was 2.14 ma. The individual currents
were (all in ma):

2.1, 1.9, 1.6, 1.9, 2.0, 2.1, 2.1, 2.0, 2.1, 2.1, 2.1,

2.0, 2.8, 2.6, 2.5, 2.3.
The response of the last four cells is higher than the average and they
were all located along one edge of the cell, showing that a high response
can be achieved by proper treatment of the silicon surface during fabrication.
What factors of processing lgd to a high response at the edge has not yet
been determined, but will be a point of investigation as an optimum response

to the surface state cell is sought.

V. THEORETICAL ANALYSIS
The approach to the determination of the currents and voltages
expected with this cell is similar to the approach taken to analyze the

conventional diode with a graded junction. The equation o ke
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J = Jn + Jp = an %§-+ qnunE + qu %§-+ qpppE
is used to obtain the current density. As a first approximation, the E
f;eld is neglected and the diffusion terms retained. Since the p side is
similar to a conventional diode, it will be handled siﬁilarly.

The n side, however, is due to the distribution of inversion layer
electrons and involves equations derived from consideration of phenomena at
the surface.

If we combine Poisson's equation

3% _ o)

sz €g

with the charge density inside the semiconductor

p(x) = q(ND - N, + Pp - np)

and considering

then
r 1/2
- n
%ﬂ’_‘:-_z_L(e B¢+B¢-l)+£(esw-8¢-l)
p.d BLpy | P
po .
where
= 9.
B kT 3

wvhen we are interested in the strong inversion region where YR >> 1 or

e&IJ >> By >’> 1
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The above equation reduces to:

 _ _ 2 [Tpo 8y/2
ox BLD p:‘0

Integrating over the limits from the surface where the surface band bending

potential is ws at x = o to a point within the surface at x, we get:

x =L "o -BW/2 _ _-Bys/2
npo

but |
- -By
nx) = npo e
and finally
5o
n(x) = — P
X po+e—sws/2]2
LD ppo

In order, though, to obtain a reasonable result for the current
flowing across the depletion region, the gradients of electrons and holes at
the depletion region have to be known. Mathematical expressions exist that
can give these relationships but boundary conditions must be determined from
judgments made about the onset of strong inversion and weak inversion., Strong
inversion c~2ruvs at the points where the Fermi level, with respect to the mid-
band energy, is equal but opposite to the Fermi level in the bulk. This can
be illustrated in Fig. 39. This figure represents the forbidden btand of a

semiconducter with the bottom of the conduction band on top and the top of

-
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the valence band on the bottom. Ei is in the middle of the forbidden band.
EF is the Fermi level. An indicator of whether a semiconductor is n or p
type is whether the Fermi level is above (n) or below (p) Ei' A measure of
the magnitude ¢f n or p is the position of the Fermi level with respcct tc
either the valence band for p type or the conduction band for n type. The
closer to either band the more heavy is the cartier concentration. Thus,
when the bands bend and Ei crosses over the EF’ a semiconductor near the
surface can change from p to n as shown. Thus, a p-n junction is formed at
the surface.

The shape of the band as it bends toward the surface can be
obtained from a theoretical analysis of the inversion process. A plot of
Y vs. X is shown in Fig. 40. This is the shape of the bands near the sur-
face. Of course, the shape depen&s on the magnitude of the final deviation
at the surface ws. Figqfe 40 is the plot for a ws of .65 volts, Fig. ‘41
for a ¢s of .70 volts and Fig. 42 for a ws of .75 volts. These surface

. . 16
potentials correspond to a surface concentration of electrons of 107,

6

5x101 and 1017 respectively, assuming room temperature and wafers of 10

ohm-cm p type. The equation integrated to obtain these three plots is:

_ n 1/2
il CRAE SN VIE B S (LA VR D

BLy Pro
(See Physics of Semiconductor Devices, Sze, Wiley, p. 431.)

where

-9
BT

LD = diffusion length
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, npo = electron concentration in the bulk
pp0 = hole concentration in the bulk
The onset of strong inversiou is at the point where ¥ = .6. ¥roum

the plot for ws = ,75 this corresponds to a point .06 ﬁmeters into the sili-
con surface and for .65 volts ws about .03 umeters.

The onset of inversion occurs where Y = wB = .3 volts. For ¢ = .65
inversion starts at 3 umeters and when ws = .75 iﬁversion starts about the
same. Thus, the boundary points can be determined from these plots.

The surface potential ws was obtained by applying an external
poteﬁtial to the transparent electrode. A plot of éhe external bias to the
transparent electrode vs. the ws it creates is found in Fig. 43. The equation

used for this plot is:

ab
Vapplied B lps + € [}d + UWJ

where

1/2
u =p - d
w po P

po“’

and

- Bhg/2 1
ug = Lpmgfe - e
LD ppo

d is the inversion thickness

ni is the intrinsic concentration
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Figure‘44 is an approximate plot of electron concentration vs.
depth into the wafer for two values of surface poﬁential .65 and .75 volts.
The two vertical lines represent the value at strong inversion. The left
one for che luwer .65 volt curve and the right one for the .75 volt curve.

The equation used to obtain this plot is: (when By >> 1)

Simple theory indicates that conductance, G, between the two
stripes of the small cell should be a linear function of the bias applied
to the transparent electrode of the transparent electrode solar cell. The

equation describing this relationship is:

where U carrier mobility
w width of cell
€ permittivity of dielectric SiO2
v applied'bias'to transparent electrode
L length of cell
S thickness of dielectric

Thus, if u, w, €, £ and s are all constants, then G is directly proportional

uwe

to V and a plot of G vs. V should be a straight line with slope s °

However, a plot of G vs. V for a small cell is not a straight
line but bends over for large values of bias. This is illustrated in

Fig. 45. Since w, % and s are physical dimensions, they are not likely to
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change and changes in € will be negligible, so these influences will not
cause the change in slope. However, u doeé change as the concentration of
electrons changes in the inversion layer.

This change in mobility for a change in electron concentration
is well known and is explained in the book, "Semiconductors' by H. Wolf
published by Wiley. Page 402 in this book contains curves of Magg vs.
carrier concentration for inversion layers.

To obtain a calculated curve of G'vs. applied bias, a computer-
aided plot of Hopg VS- surface voltage (ws) was made from the equations
found in Wolf:

uBus
+ -
uB us

Heff =

a?.
—= =131 - ¢ 8 efc (ag)
u
B
1 o) /2
% " Ew o
3 s B mn

Curves of Es vs. surface voltage (ws) were computed so a plot of Hogg VS-
ws was possible and is found in Fig. 46. A plotlof ws vs. applied bias was
also available, so a plot of “eff vs. applied bias is possible. Since u is
directly proportional to G, a plot of -p vs. applied bias could be applied
to the experimental curve of G vs. applied bias.

This experimental curve, however, does not meet the origin at O

bias because of other sources of charge creating the inversion layer beside

the appiied bias. To bring the two curves together they were both normalized

at 100 volts bias and the experimental curve shifted by 17 volts. Figure 47

shows the. results of this comparison. The dotted line is the computer-~aided
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calculation and the solid line is the experimental curve taken from Fig. 45. A
fairly good match is noted. The deviation comes at large values of bias.

Thus the departure from the linearity of G as the inversion layer
grows is undoubtedly mainly due to the change of mobility of the electrons as
the layer grows. The response of the solar cell is therefore affected by this
change in mobility and we should see a "flattening' of the curve for large biases
as we,do. There are other factors besides the mobility change that flattens the
response curve so an exact correlation between the two is not possible.

It has been shown, however, that the change in mobility of the electrons
at the surface has a gross effect on the conductivity of the inversion lafer and,

therefore, a gross effect on the response of the solar cell to illumination.

VI. MEASURING APPARATUS

To enable accurate measurements of current to be made, a temperature
controiled cell holder was constructed. The holder was made from a block of
aluminum machined to form chambers under the top surface to allow water to circu-
late in the block. The water is pumped from the tﬁnk of a constant temperature
bath to the water cooled block. Provision is made for the inseffion of the stan-
dard solar cell in the circulating path. A thermocouple well was made so a
thermocouple could be inserted in the blpck close to the surface near the cell
position. The temperature will be measured by this thermocoupie and regulated
by adjusting the temperature of the bath water.

"Three probes are mounted near the block so an electrical connection
can be made to the cell under test. The platform, containing the block
and probes, is mounted on an adjustable swivel to ailow the cell to be ori-
ented normal tc the sun rays. The entire apparatus including the constant

temperature bath can be used on a movable cart for easy transpertation in
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and out of the building for a choice of illumination from an inside tungsten
source or the outside sun source. The inside tungsten source is a FBE
daylight flood light (650W).

Four conventional solar cells were calibrated against the standard
cell supplied by JPL. These four cells will be used as substandards to
calibrate the inside light source and to determine the sun's intensity when
measuring outside.

The standard cell was set in place in the measuring aéparatus and
one of the substandards set on the aluminum block as mentioned above. The
circulating water bath temperature was adjusted to 28°C and a measurement
made on the short circuit current of the standard cell. A value of 40.81
ma was obtained. At 28°C and 140 mw/cm2 the standard cell will supply a short
circuit current of 47.88 ma. Therefore, the sun's intensity at the time of
measurement was 119 mw/cﬁz. The substandard cells produced short circuit
currents of 122.4 ma, 125.5 ma, 122.4 ma and 123.4 ma all at 28°C. The
calibration current of these four substandards with respect to an illumina-
tion of 140 mw/cm2 is 143.6 ma, 147.2 ma, 143.6 ma, and 144.8 ﬁa. The sub-

standards were 2x2 cm cells whereas the standard cell was 1x2 cm.

VII. RECOMMENDATION OF APPROACHES TO FUTURE INVESTIGATION
A. Transparent Electrode Cell
The transparent electrode inversion layer solar cell_has essentially
served its purpose. That the induced p-n junction can act as a collector of
photon created hole-electron pairs has been demonstrated. An indication of
the strength of the inversion layer has also been garnered from this cell
which will be useful in determining the strength of the inversion layers for

.the other types of cells under investigation.
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This has been done by observing the response‘of the cell to
illumination and to conduction between the n+ diffﬁsions.

The successful transparent electrode cells, however, have been the
small cell variety and large cells should Le fabricated for testing. Thus,
several of the large 2x2 cm cells will be produced.

Measures to obtain a much better curve factor on the inversion
layer cells will be attempted. ‘Of prime importance is the titanium-silver
contacts that might decrease the series resiétancé somewhat and thereby
increase the curve factor. A vacuum station is currently being prepared to
allow evaporation from two independent sources and to allow the thickness
to bé monitored. When this station is available, e§aporation of titanium-
silver contracts will be possible.

The transparent electrode.cell will be helpful in investigating

the things mentioned above.

B. The Contaminated Oxide Cell

The ionized atoms introduced into the oxide as the oxide is grown
will, suppesedly, distribute uniformly throughout the oxide thickness. To
investigate this, a contaminated oxide cell will be subjected to a step
incremental removal of the contaminated oxide and measurements of the
response to illumination taken between each increment.' A plot of oxide
thickness vs. cell response can then be obtained. This plot will indicate
how effective the distribution of ions is to the creation 6f an inversion
layer.

If all of the ions distributed in the oxide could be forced to
lie at the interface between the oxide aﬁd the silicon, a stronger inver-

sion layer could result. In order to investigate this possibility, a

<



contaminated oxi&é cell will be fabricated with a transparent electrode
layer deposited on top of the contaminated oxide. If a negative bias is
applied to the transparent electrode with respect to the silicon wafer.in
the presence of heat, the positive ions should migrate through the silicon
oxide to the oxide silicon interface. If the bias is left on while the
wafer cools, the ions should be trapped at the interface. This is
espécially true of sodium contamination and will be tried to evaluate its

possibilities.

A variety of contaminating substances will be used in the bubbler

in an endeavor to optimize the contamination. Other sodium compounds
besides NaCl, such as NaOH, Nabr, Nal and other will be used. Other ions
from the sodium family such as potéssium and lithium will be tried also.

Another interesting experiment might be to contaminate the sur-
face of a non-contaminated oxide and try to &rive the ions in toward the
interface by applying heat or an electric field or bofh. A thin layer of
the contaminate could be supplied by painting the surface with a solution
of the contaminating substance.

Measurements of the response of the contaminated cell to a dark
edge as was done for the trahsparent electrode cell will be done. An
indication of the extent of sensitivity of the cell to illumination can
thus be realized. This information will be used to design a future

contact pattern for the large 2x2 cm cells.

C. C.rface State Cell

An investigation of processing variations that might affect the
surface states will be continued. These variations might include the

" removal of all oxide from the surface rather than leaving an oxide that

44
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passivates the surface. To keep the natural thin oxide from building up
when exposed to the air, substances such as photoresist will be used as an
isolation layer. A spin on oxide will be used to cover the raw silicon
surface in an endeavor to affect.the charge at the surface captured by
states at the interface.

Measurements of both conductance between n+ diffusion regions
and dark edge illumination will be part of the methods used to evaluate

the response of the cell to radiation.

D. Theoretical Investigation

Currently under investigation is the comparison of theory with
experimental results with respect to the conductance through the inversion
layer between the n diffusions in the transparent electrode cell. The
conductance changes with transparenf electrode hias linearly for small
biases and nonlinearly for large biases. The simple theory predicts a
linear relationship between conductance and applied bias but for neavy
inversiocns the mobility of the carriers in the layer decreases ‘and thereby
produces a nonlinear relationship.

A theoretical V-I plot for the inversion layer cell wiil be con-
sidered, using equations derived from fundamental'equations relating to the
p—n diode and the surface phenomena of semiconductors. At first, series
resistance of the inversion layers and contact patterns will be neglected
but will be added later to establish a more clear comparisén of theory and

practise.

VITII. CONCLUSIONS
A transparent electrode inversion layer cell has been fabricated
and shown capable cf producing power from intense light sources. The affect

on the production of power that the inversion layer has, has been 1llustrated.
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Curves of short circuit current vs. transparent electrode bias have been
taken and analyzed.

Small cells whose inversion layer was induced by ionic contamina-
tion of the oxide layer have been fabricated gnd a plot of oxide thickness
vs, .short circuit current resulted. Further work to enﬁance and optimize
the contamination will be attempted.

Several small cell arfays have been fabricated to emphasize the
creation of a charged layer at the interface'of silicon and oxide due to
donor_states at the interface. The creation of an inve?sion layer was
obvious, especially for one small cell whose output was much larger than the
rest. Work will continue to better understand the ways to create surface
states and to study their affect on the response to solar cells.

Some progress has been made in comparing theory to experimental
results. A look atvthe tﬁeoretical properties of surface»phenomena.of

semiconductors has been made and further work is planned.



SN JUNIENESHI

B O R

T 7T T
R ESEARRENNRRE __ |
EHTT T
! W. h_“
T T
. S VO O O P [
U L |
EEEEead ) Ranndl rxw\
‘V\\-\‘_\-% i ...| e e .._‘

_

| HENEEN i o

_ EEENEN P

of | ! _ VTR
| |

Cutve

~.illumination

[ ——

!
5

. ]_-vl

. 140ms/

Typiqal

for _PHotovoltaic (ell

——Figure 1

| SR S .

i
.

f

current
(ma.x20)

fOD UTLHI W T LLINTNT
VUGN NG FOVW i Nt OF X &

-

Voltage (volts)

i
\
i
i

O0LO Ot HOINIIHL O O X 04 '



48

Metallic
.Ohmic
Contact

Junction

i S i : = ot | -
v KRR A I RN EEERAIE TN L
Field in  J — — — T T T T 7 - - -
Depletion 3
Region
177//////jl/i{;IU/[//III//H/I/////A////>//ﬁ)

Metallic

Ohmic

Contact

Figure2,

Standard Sclar Cell Construction



49

Radiat/ion

Jonic
Contaminated
Oxide Metallic
Contacts
( High
Inversion -4, 44 V2 & -4 LEE T Ol ol 2 o 1 :ffa]f iﬁi F? 1d
La).-er ——— 1 '\ X- ’ - ) . ] N ;—1—‘% e
S
Depletion
Region

Vs L L PSS P

Metaliic
Contact

Figure 3 .
' Inversion Layer Solar Cell



50

T AT R e T e T T T T T
R R SRR Eadasataau R D AR SRR R R
A T T e T T e T e A s e e T
B N aB il aRERRREN IunREnEung il SR TR R R R RN
| | “ C ! . ! i 1 CSE.I__, ,___ S e
: : W_m": _ | ) S P "_ﬁ,ngu__ _w_”; o
RN T i T 1T e | e ‘ _ -
RERREY . SRUREERE [REEEN FRRnRE N RN RN Eifr 0 - A
{1t 8- NN NSRS R R N w QLS _v
[ [=3 )} N JINE JOUS NN S AU D O B R O I O S L . H - P A aode ] ! by ) A
L ElY J “ | _ M LL“”
R _ £ il IRENREEEN 1 4ol HENRE BN t ! RN : N
DS L PR e L= T
S e | T o T T T T ‘ i |
L3 = AT ] <
BEENE: T . |- REREEER RN D7 4RNES | T
» Bl EaEN R R iR AnERs RNy Annn P “__,;
TiT A S A R T
X . - (o] el | .*.
| | s\_ : - aﬁm -+ AL 5 | i _m_ﬂ _a_..r..m
Y [ . . ] o [ ! I 4
n o [ 11 M o
B -t -1 -{-f- - | --ag -~ - -f - t 3 .
A R E T T N E
A RERN ARNENE AU T R
. 4 I Jll.,l_'l.lv - W o Af.xv [ S
, T : o - : IRERE B
‘ UL e S e
sRAHRE - seiasilAvSRAR SRR NRE ERARi AR AANNN KNS
R ER NN RN RN | __ ‘M.
1 | ERERNEANaERE i
) — by ; n !
ST iy
/‘I .._‘_ ) i _ + W
IllJlFl«h _ j_,
—_—e T ; ,..."lw,,. -
- : i __
|| || | _ ¥ , ‘ L
R REESHRE e f
! Ti e IRRR B _
P Lol 2l |- O O O A Mc - At _mm R RN -_ 4
! B | 2o _ e t
L] (] M | IR ! i i
| | ! Han.w ¢ _ “ 1w _ { |
| kL | 1EE |
RRENERN CRaniig | ARG i L

‘oD UBLLA U VAT
NS NG UGYN .. ol X & T8
OB8L0 O HONIAHL OL 0: X 0% N U



51

i i i R .
T T e T T T T, T
: N . . T - = b«ll I 1 _ ¢ HE ‘ M.A ~”A_
“ P s L e R e e e NERREER RERN
1 ,*-l T i 1 EEEENE m*u : ) 1 : _ﬁ “_,
; = ! b [
Rt | S T e 8 B e SERERERERE
| * N - T e g B IRNRE NERNRERE
i Ao g ww) |l Loy RERRRRRE
T ‘ T T R I R K T ANRAAEE 3 i
_ | _ b U 'Q L BREEEEEN AREE i
A T T A e e B s e 1h RN
T T T e s N T T A
: T (IR E R AP A
L e B IR
P ! ] ! NN RN
i - - 1 ULy s A “ 1 “»,Ml. m\“\\ ” _ ‘ __ r " _
A e T Pl o - e B I T ) IR 4 N ' _ RSN RN
L e e ] e e
H y f | | | T
ShRRERES o RNV AR “,m_ AIRREANRE
B SRR nE - Lo PErig b
F “ _ - .\\_wh MR_.m RS R R A R
i N ' s . ]
T . ] ! / &L 1 _f__:;“__
- - A ON T REE ARAN ,._T |
: NERRNEE LT ERAE ERRENA~RY Bl |1 NERERE RN
- *\\ ! ! ! el R i uuwi
T ) TT o T _ | |
, i | g0 g ] I
. A 4 INERRRE-D S 1
“ ._ - ! s ﬁo i mmf !
w NSRRI IR
el "1 CT T Err e TS A N T Te P | .
P ‘ AT E SN il
L - - T TR _m B R : T
| ST |
- of _ _ ' i _
__ ' | B i _ TL. n-ﬂ&l'/ n«. .JM. “".. : :
_ T I EN LT s T T
5 - ST AT e
il S M SERERREERERRE |
Lt Ly ! L N SO B L I I AU O N D SR/ UL 0 0 S
_ AR n _ R I RO RN R
I < o
ERRRRRREE a | .ﬁ; . | IR s
] i IR ! Ll - 1 2t i S
. _ L T T | _nw mom “;m 4._ _?: «C_m m "“_ M m“ " _m“_
Lh i ” | i | o REREE
1 AN | AN I Hin
SRERERE N ST A T T T TR
AR REREE i SRR Cl Dot “..:
_: | o ! m _imww _ _w_f;_w “w RERRR
Hmnnnmm | 198 IRRRRRRERNRNIRRNNERA NN

‘OD YASSA W VISANIN
VSN N JovK GIHDNL O X L M\ﬂ.v./m
O8L0 97 HONI IHL 0. OF X Ol 23




52

Transparent Electrode
T T

<

Metallic Contact

Silicon Oxide

sl

) 7
" |

E T e A T S T T T T 7

1 %
ezl

L

N Diffusions
Metallic Contact

Figure 6

Transparent Electrode Cell



53

|
H,0 ’

O2 in .
;@ Bubbler
valve flowmeter
flowmeter
valve
N, in N
—
valve Qa
P\‘\/-/V\Aﬂ.__
SnCl2
flowmeter

Apparatus for Depositing Tin Oxide

(the transparent electrode)

Figure 7



_f el
RNNERRARINEE ail RaeRaaNSesat RN R AR AR O
i | i i '
! o . - b - - - - Sty T rT U R H I
AERRANpEENRL A H R B PR e b e
| D TR T e T
Cl - } NEREEE NN 1 T ; T 1.'_
S e T A e A e _

1
'
t

}
)
)
|
i
}
T
)
]
|
|

RS —

osition

\
|
i
t
I
i
1
{
|
T

| 2 R
_ : ] .,«D
T a AR RRERAN Y
[ i . : - =i~ =111 | 11 1| — ﬁ *
ST 2 g T T e I E
Ly I ; TR -~ “fO
IR N T T £
_mj, LTS e L e A I
[ g __ IRRR i e “0 _n 1 EREEENEERENENS | -
I CEEE S U L A e T
,m. W ~ -1~ St .,W mﬂ _n‘--l R et~ w fed
QP T R s TR B
— _ AT _ e
1 e 1 NN EENRERRE Lo i
LT T L R TR TR LT e
_ w. 1 __ “ 4‘ } ) 1 EERERRREN H _,MM.,..
U R I R Ao ! I I B I I N O (I
| \ S
EERRE RN A N R T A aEs
o e Al A ]
TIOTHTIT T man
R : ! IRR m | ) m P
R _ i 1y [ a3 I\Q_\\Jx “ ‘ il -WIT ]
i N i , ! b i
EIRRRRRERRR AR W= e IR A
' ; ' n s : i | | R ! “_ 1 {
SERERRRE i i LA ] _:_Wo;
T T 1% LR T T e
[ ; , X i , P |
L L e e P L L L T
: BRI R S O TR R R L "
T e s
1 ~.:~:i_~:;:_f e RRERREERERRNEEE

¥°6'n NI 3ave HONT UL X L LR
O8LO OV HONI AHL OL Ot X O} wa ¢!



|ca

1-

¥

']

i

7
i
]
!
1

[

ons

T

cs of |

a8 Typ

terist

-
]

arac

1
I
i

wavelength—in—mire

|
r
|
i

L
m

!
|
i

“CH

ission

Ly

yLayert

’

S RSN | —

B [ S —

t
PR

'
!

A S
)
i

L
T

Transm

ical’
Xidc

E

PL.
.\.J‘_Ll

T

—£)
A&

S SRR R

e e e e

100
1060

0O
EA“

ission

d

Percentage-{——— 13

-Trans

r'4a
\*av

[, O M

tre 90

I F

ig

b e e | -

QD UABLA N VLNt

VG0 NI Rdvw SOHONE O X4

AN
OGO OV HONIIHL OL Ol X 0)F =d"¢



I

i i}
i
i * [

i
t

P

Gu

'a,ﬁ?/a .

f

—F

H

Sk -
R

'7:;

5

G

L

::1/'.'1_(3}?@ ;

e T A

s
e

(°c)

500
TampaoraTuore

vrhace

F

b e e e o -

%00

00

‘YIETH M1 3OV

oiZo ov

*OD UNGGD ¥ NIASNAN
BNOILIAIO OL X SWIDAD &
DINHLINVYDOTIWIS

B%

1
3



[4,
-y n ad - P g —
¢ O
s 2 0>
$0
é}
{ H
I $00 1

(/mens/(x«; / n hul;)

Figure 11 Cell 6rid Pattern

57



Voltmeter
it
Power
pply
Transparent 7
Electrode
r—~éﬂ—-—"~j35 .1 ohm Digital
’ I Celi ] Voltmeter

Conducting Block

U Ammeter

i

Figure 12

Block Diagram of Measuring Apparatus

58



_ T T m ] ~ : T
i . A A A o PR T A - N R . A 1.
n | TR L ¥ 1k
L _ 4 _ I Ao FU S Pl QL
n RN i S . e dore . A R
| i ERREEEE-S NRRE L S
; . T M2 N ; Pl T
H Lt be Y i ' S [ O . i ! H
9 e i : Sl NERRE
| R | !
| | : T Bl SRR T m Pl
| ol RERARRER: 1t Ll AR Pl
I o]t sl Pony ; olal b N . TR oy
i Toadd | 1 m. .
_ .mbn _.J._ | ] R .. L i J JO
_ o Pl Tt -~ HEEN Ly m N
| YE e B S ] 1
T . A el L A 4
- id ol ol Lt fg LT L ¥ g LI
. 4RO tiloai |la Al - ! i 4t
i At e O P e D i . . ! _ i '
o oleuf i) THeolet D Oy ! i *
D bl digine i®: i oo -1 - N T il
n B e IR R R I iliee i
Ty T Ol ey e e , e gl _ _
» Liblal 188 & | 8IS ] RESREN SRR} RS
i bt [ glod il 7o EEERCE |
i Tl o Al > iH oy~ wlel - RN [ i i
R E M A AR | g |
| R TRTREE e N AR
B Y I ! L = e i
e clal | ol TRia] ]| 3l * _ W _
, O\l ] om] Sied {7 wlE{ A g b i
by ML st Q| — i _ _ :
! \J«P_ n\_. T i [ | |
Fo ] T 1 il P
N - - ! ﬂlm_J._ |
:. - _ 4 - . N ‘ _./n w
' e . o - b i
Lo Liila Iny
11 R SR g BERN
c . i LA
D ; ! 1. . i ! ml, < P
) L“m *_ _.]: ," ‘rj. ' ; __“, [#3] —~ .
i L ) IR __ joo _Ls. + "e [
[ N ; P T _ B “Nx.lwd ..ui_.r,*”-wllw.
N A AARRERERS -1 _ IR IR R REREE
vl o 10 A..,. RN I [l
RUENR i BRI R Ao
' IR . P A
w 1 i _ SRR N
i | o R
" : BN _ RECYERERRRRREN
w NN EREDRE
. N ! b W | g by
_ L P ]
S Ll R - - gl DL N BTN
Rl RS [T Q R
rp! _ OO |1 \ . :
N o Hiu | NRRERRE
AR R AEEREERRERREE
, : -O-
S ; | , 3 | T
! m Pt o i
; _ .
. _ ‘ EARRS | L
: L R ' REE ! EEEER i .
in | - T . AT
il i , SR i
] : ~ m * I |

TOD UILKU W ViaANIN
¥ou0nEaGvn CHHIML 0L X /4 VRN
..v\

4

OBLO ©Y HONI AHL OL Ol X Ol »mi



VouLTAGE (400 ™ /in)

R 1 HEEEANEEERE AN N IRRNEEREANE ] | b P 1
1 .,. , ﬁ.;. # d - .T_W. - T i N N :: L I f
TR R T R T
HRRBRERRARRERSREEC R IRS r% L e e NAENEEEN RRRRRARRESSRNN
- b L . ; - i . : LTI
HITTm T TR R T T T T e e
FIH LR SV SRR R P I
RERREES e eI ARAN i ) AREEERENR |
“ _ *M_.r - w_.ﬂl - - I a,, i - S ! - - - : X 4
T TR T A TR T e TR R mNAE
AR R RS ERA RN SR RE Api 4 - - A+ 1 RERE A |
R EREDNER CE REE SRS - - 4111 S - . Pl i
4 J./WJ,I_J»._ ; G ! , > d ' ; ~ :
RIS L 3 FEE S U e b e e e T EepARERHA RN NNREe R NNER RN g
SNEESR R Mg L A A - SERER SE A
SERRSERTEE N Tt RE~E - - - il Pall] “
NI G N e T REEs . T AT s M
TS IR R ISIQ W B T e R R |
AREEERCEESRIZREL IS ISR RN, aaik : - SERRRRLARE |
N AEES R AR NN AR F ST ] R | : Tl
HIg SRS Y B T T A T AR ! |
S s AT R o e A sRARRRRRRRR RN cnneE _
R S N N O | m.. ISR N 1o i I AN D *
Gy [ BIS e e S e | SR
TP US| & L L S R s S AnEREy . ! ! .
DS RIS = S s T AT n T ! e
&) e e LS _ e T - et s
T eI U S I R i T - EEREER e
Ai_Lﬁw.ﬂ%“n AR =R R I ] - | : HEN
: Ty i . ! ! ! - N [ D R S g6 P I S : ! ; '
RISl R R i |
NN i ! T L
I - Y I A - . | 4 |
|1 ST T L s L ) RRRRRNEN A H
T T TITTS ; T TS T
SN A e e e e e 1 BRE74 :
o : TR DA U AT | “\; | ,
Pl I : . s ! REZr AN RN :
: | _..\.‘.—\\..». '
_ N Bl - X M ﬂm\f“ T T
. . m W/ 8 BRI
- H _\s\_\\\ ! M w ,w
ARERSERRAREN L : : s RRRRANNe/ w | m SRRRERAE
/RN R AR T
| ! N RN
| _\\x"\_ | SRRRRRES
m ||_1 ”.)n_‘_\“ ﬁ_ ' .~,. "_”
e ﬁ ER I
., ' 1 § Lot
34U
. RN N ,/_\\ C “_.n\d_ P “ ““M
4 T T - T _3 IR NS RN
i P edt Phiidd .
HENER i
RN SR A IARRRRRRRNRAN

72

COD UILET N I IISHTH

VSN NE T0VW

08..0 9V

MRURINEGIES S St S N
o

HOMIQHI OL

0 X Ot



A

PoweT

Voltmeter

61

Transparent
Electrode

Sypply

H ammeter

»

0-10K ohms ;;?

“1

.1 ohms %

—_—I
[y
-

Figure 15

¥ voltmeter

N~y
recorder

Block Diagram of I-V Plotter

1



62

.5

O 7777
MANNANSRNaNY

AN

-Iranspurent
Electrode

.35 em T

n Diffusicns

.25 cm

8
NN NN NN
N

SO K

”
N
\\
N
N
N\
\
A
A
N

/
k\\\\\\-Metal Ring

= ~3H = 2 cm
! ¢ 3 I T =]
|
!
: i) 11y [ for
1S ; 3 JE 13
! ;
!
| | = (R 1 i

2 cm.
Figure 16

New Cell Configuration



Metal

Transparent Electrode

Sio

63

[
L L L L oL L

Figure 17

Diffused Stripes

Cross—~section of New Cell Configuration



pe—

flire

|

57
T

1
.
T
T
¥
T

€
v
1
H
i
i

|
1l
f
- '
I
i
'
1

ion
|
t
)

~_beiween

t

1

I-vs. Bias
T

S ¥
4

—('sm§ IT‘C'ei iy
i

!

nat
1
|
!

-

“1—No

bl

3
U
= RN L
= & °l
[+ R o I B 8 O -
i - -
! e |~y\
=R R R 0 I .
Q _ . 1
Q [»] Y, . o
BT - T U 1 B ok B el - o
1 ] __

‘ l--T,;x .
BN ") EREARE |t T eN T T T 4
s P 1@ - “ ] ol RNE=TE Bl
: K IR , 1 ERRNE
! q_. . - L UL T
. g . ddL ot
: AR - T _
| S . -t ...WH.. |.o - -
[ - b .
N ] ] . 4] L )
- 2 m_.,) S O O O .

) ._ " Lh.. _d— fm - } - ) 8
T m ,_uu . .IMA
B i @

; RNk N :

S , L) 80

f - - ,

by - .hﬁ
| s - . . ; IR

| ! _ B

0D AN 9
RALR TR T [

LY

MY YK .W.z..v’,_
DBLO 9y HONL AWML OL 01 K 0L




65

JRRNLI S

i

etween —

—b

—

bl 1 “ m L dLd ] IRNEE “ _
LA IERNREAREE NN NN _mm, NN AT
R e JTM R _ i _l .i.“.._ R
L [4 - - - 4 . - .
o1 Iy R ! . i
o - o REEREEN i ; S
S - 1 1 - ST
= m-xirif._a_ S Ve
30 @ =y ~ - i o .
oy ' .- - ! -
[E%} (ol BNy £ 1 : A . R
o (e u” O |7 ) _ ) n;ﬁ_
SARE Il s W A SRENNERY FEENAEESEY
T3 e TS T T i T
Lz .. _; ot N 1t B A&
W e ot
%! 219

| m S - - i
1 .
il | SERERREHRERAARRES ! <
I NERE 1 IARENEEENN R i Y
L _ - R
N CHE TR R T T B
w _ R _ /Il ...1.1"4 1. _ . [ g1 . _ m
| ! - - S aa e
./Aw/_ ) 3 TR e
] | . i TN o R _ Popad

! _ RN . _ 10 ..Il.l.l. . _l . " M
h | ANEENENEN. ST b Il.lmmll....hﬁ i Ile
- A O IS A I I ~—— . &
A - -t - —del - F S DY, - b
- T T T T T 4 BREEE N
. I Ao TR EL RN AR _ o
, - . NENE ) . N ” 1le
t | _ _ b N A . ol . _ !
AN - BR R A NRARARARE:
R Al ANE Ao _ _ i el
N 14 3 ER ohi | 1] b daea L L —4 R ! Ko
1dq g P ~ D ALl e - i | I
» ) . - | wn
: - : & Y
‘ Tl ; ( Ly S
| Q! ‘ ) BN B v /] b il
o FTA ! L)oo
| =118 . ; o _ |
] A » t
o | e m
L O -t ] T3 - o e} cod et oo - b —— po Q) .- -
Pl | ® - v
41 Y H . -1 )
_n_,. o ~ N . . ﬂb
O e~ ) : ol ’
LG maRRA L LG lslLE
. ‘g [ B -] -l A 4] ]
o _ - . ) R IS
il |
. “ — — .
! _ ] R . T ’ N JTET ¥
t
_f . HER L - RN .

TOTY BB W VLAY

AN )

o&sL0 9

TR A A Y
HOMITHL 0L 0L X 01 '

I




Power
Supply

C.

7

1 volt)

Powér
Sypply

/

(-150 to 150 volts)

HA

(Leakage)

Figure 20

Milliamméter

66

Transparent Electrode

ilicon oxide

R 7727

i

[ n ] -

Circuit Used for Conductance Measurements



socurce

i
1A
1

3

S

—cel

3

T
i

PR S N ' -
- @_ !
1§ '
- Y . - b
U8 NG U [0 (O A - -
P N T -~

PO

-
1

13
.
i

FEE Lamp

¥
i

T

[

—1-0( mw/;l

— 100~

——fo¥—sma

"sc

L

T

ESGT'

1AS VG

100 T
it t—

4
e i B L 1

¥

-t
|
d
+
T

e

rent—-electrode-b

>0

ranspa

wa )

(uia

I
b

A%

¥

|
|

-
8

.. __Series

100

‘Figare 21

1 n
i '
) L
- _ §
| | Al |
T T T e o
i - o . __
i } ! 2. )
- |.. m
| i NEEE : |
t
«

By
i

00—

'
.
-

5
=&

O UYL Y T
R TP THAY G v A

OBLO 9V  HINI 1ML 04 O X O

i

i -

i
V)

O S U

| T

1
[



68

100——

|
gu

SRS S

re 27

G-

1

-

]
_f e

i I ﬁ
B 1L [ -N;H J L .Hlx., UL 1
i e ‘|..A.A... .ﬁ..| “ . “ “ 1
N ' - L I T L i L
i bl i L B IR ] { RN
| f I ;
1. 1 1 IEEENER N R I #
- - T e R
1 ——
r"ﬁ. - b b _|- ~ . . [ R S
- - - IS I - -l - * - o, m TR I
L _ . L L ! - N I P O N §
™ ; !
. i il il i : SRRt
) ) i | . NN NEEEE INRERE N
- : SR e e 1k 1 o L
f ("]
J : - - T : . il e 4
)} NERR A A IESRE
“ ~J ~ O h
i B - - 17T e _ )
.hv - ) T T - 1T - )
[ - - - =1 T - - - _y
e - Ti” T N i o RERNS
. - - RN R B
- - e e _ £
" | - - [ B | ! e
1 N _ o ”_
{ [ o [
5 e o o L .
| . . Ve & .
- - | 4 o
(3] «
- o 1 1T - o~ O SRS o 3
- -t 4 w W | i- Y
: - AT ~ £oorh
R _L , q o
201 , RN RECEEY I- i
SRR AR
. - — ——t e - m TRl W b ”on o
- f P S - - i e 0y, sl
AT Fo s o} e e
BN J e ] =¥ T e =
&l . NEINENNEERAE R 2y Ppog
; b Ran . - - | a R
T RasRRAsRLE RSk
. */..m T # b B RV
30—t
N i 17 11 | SR
[ . o “ “ NCA |
- - YRS
- ! 4 ! et e_!”.y ) ....ﬂ.mx -
I . . - ) _ B H .
» |- T | | 1410
*. 1 AN _ N %, e
1 : T | I
et l-t,nw.. - | el B L
0l ] T ENEREEE o "5
4 ol H 1. IR [ ]
H ) [¢1amN e}
. - -t - oo
L oti e

F
i
{
H

Wow

0OBLO 9¥ HONI u:». QLo

TOTT UIANKI W T
sitve w

A

ol X/ n...l\\:,ﬂ.__
i X0l k

o0



69

. T
T T Ay
* EEERRRRER AR ST SRRRRREE FET
- - 4 1 - - - _ . . A U “ ».
TR T | ] sERERRR AR - RENRERS IRERSE
ERE m M IR RN R T T SERR
RRARN _ At P e b e =
I RN ERNEN R § ! AT AEES LT AR IRENNRE ot
N Pl i w EEEEREE , ! - i RERRRER - : 0T
T o | ! SRREERES _ BER o HET g
b | e N ‘ T P - Pt f oy
i < - 1 R . P _ (o
Y _ | ] -y | Ch 1 i
L : ! AR . R BRERS A
I ¢ t U I IR - -h- - - - o R o e el ot
ISR e
! N o s fame st ey . — S b - | - i ! -1,
j | RN iy w | 1 T g | m i o
B R L - - il ! PR I
P bl ! | ) . ! ! ; i S A
i | : A : s e
| | ) i | ! : i Ne
. L ' I S - i _ m
aanRARaNE i T : | I i
— i 1T |4 : IRB - i i Pl ]
4 1 | I { -t 1 Ao ' v | Sl S e
T ain : | ST AR SERENNERRaE o
A ﬂ. - - i i I - w.. Lo ) i Pt ; ) m ﬂ ; i a _
REREEE i . JTE e i A ARERE oy
A A , m 4 R i Py TR
* ! . ) ! | = i " P AESAN :w o
SEREN | ; , M TR .
i P 11 ¢ i i i " Pl
i i : T . i - N 1 W HI
“ * mﬂ - - ) . ) .. -1~ - - - x...L - “_xw __.r.M il lI. 4 a.u
i AR N i - S DU O - IR NEENRENE L S : * e v
i . _ ’ | i ST 1 . = vl
_ T ,L 4k T 2k . | TSPz
_ _ - 7 I e . b ! “ w |
- " | 1o . o _M ..!. .A.....M ..f
1 1 ' 1 Vb e !
" ” : R A R = EERNE SEEE]
“ _ oL R ﬁ o 16
” T T A ST e Il m e 1ERE:
W T b S
i 4 - “ | ! N ﬂ L5
A | X il e o
4 R e P & i !
- ( . ! : r o
. _ I | AR g
‘ - S b BRI R R
n | HINENHIE
T m - i AR
. _ | ! RS I i b e I PR
w ‘ Pl ; RN L
i b . : ! i i .__ | o _w
SEEuENERE. | | : m R R R s
| | | 3 | el et e
; | X ! [ .A.\,(_r i *N b . B
| _ LS N, _ T L o _ I B i
_ : T ERRN A | s
i { ' _ o) | B . ._
| * m R . o _ 0 G b
J | ; ! _ ! I~ s o Rl I o RS ! } [ ri __
; | _ VL REREE CE T T | | __ m:ﬁ_ Ll
_‘ v - 1. - __m ; ; _ | _ __”_
! P | i Pl _ I
! ! i . ! i1 ~ LJ
| h _ __ ; _ Al
i AERRENEE

U TN V]
AT TN i

[P ‘,.L.:zw.__
OULO DY HMSNIDHL O 0L X 01 W30



70

——

i

]

t

'

i

I

-.‘..-.J A —

.

f T

. i .
PSSRSO S N
TP :
|

i

i

“_

. ] . Ll I o _ | .
| ! ) 4] T
iy J0) R . b R . [
ST L : ERRNEEE AUty e . '

J - ;ml - O T (0 U L R b : P

{
i_A.A

]
1
—
|

1

'

i

.

]

t

!

v

i

'
v

00—
i
i
)
)
i

~Cell -

0

]

i
14
}
H
1
i
!

:

1

!

;

;

i

]

-

!

—t— =

:

il
i
!
:
3
;
;

B U

;
t
7
!
i
}
|

34
-

s

Y
e S
{
s
i
Ll
+
H
.
]
[

.

1
1
ijonal
i
|
]
4
|
]

]
f
i
U
T
T
T
!
|

it

{
y
—
[Conven
y

AmMD.

o Cell

o :
& —m
v

1

STElL0

C
—~100—--
i
, :r)G
-

Photofliond

L
R
Py
/I
1
!
i
i I
+ ¥ ]
i
{
!
[l
Ty
v
T3
N : H /
/.
Inve
Yariag_settin

|

> S . LAt ]

) ! R . / I RN IRER C1TR B Hl .

. . - AL o - i doda b . _ [ 1,

} . . - A0 ) B I AY ~_ ff e

A 1 B A N NEN 170 IR NN i . i iR

A LA LLL x“_ o

‘ TN TR PR T TV 1

: I S T 19
- . H . w { '
- . o . LI G e ! ! L

[P TS Sy

[

< g

L g o | =3 C X o 1T N | g i P o

_ O | O _ _ P Pl

- = - ! i ) .

| P
. Jaacld - Sl b i O O O I O R I O IR |
| T A I I T B i R

yvs

-F—ig\iré~24———i—— S

i

{

—

T :
|

}
f
L

T
ey

R L A A N N N TR Y O
AN TR R LRI TS BT A eV ) m

* S QULD O HINIEIMI G ¢ X a1 =



71

'
i

=

L
T

Var

i
1

100

S¢
- —{ma)

Rat

s

$ Ko} N

aviac—detting

v
v

1
1

R il RS ‘ N -
N . e NRE Q] L G O O -
b
N %..., 1. I O I -& TETT T - Tl
- b - ;I
. R gl e e | ! - - 1
. b al Adodtdol - ! R 1] AL
~ ERE Bia) [
- - _ LT m .n..,._ﬂ.- ERRERS N 2
O ;ll'_ND
B IREE 4. da ta o |- doion ‘ -
- 4. O e ] R
4 SHIVRRS - -
|l R 40P Sl - e ek Jads
u Bran REAR _
- o - 1 oA deR L VL RENRNA L
_ g _ 171 AR RARRAEEN NEREN .
i M - R k- - i |
_J e R E-R 1 L S -
=5 - ol la 15 . - R
. < T )
}_m - - RN o - R s ! 1 R R - B! = —d o
s : NN R 1 1
3 1 NN IRNERERN 1 -
& . B T N I N 4 R
o RN NN B w Y |
N o bo -l ) ; b
a}- ! :
" I 1
i » - eH - = - o !
__ ~ £ D AL g . -
-
. — | - S I [ U (W - -
. i “1 Pl .H 4 ]
!
)
-

OV UAST L W T tnan

AT T

0840 9V

L TY Y YT INET s W:?s
HDNI AHL O4 OF X 0w

!




T TR T R A T T T T T "
RN AR RS RN AR R _ A e L | ! i
‘ gt A R RN J R ; ! v
B O 08 - S S O 0 O VO * a4 Wl G DL R - T .;r; ._ - .,mlx- OO O O R IO ;.0* W.Lx..
k! , LA EHEE EEH T S
- - ' . R - - ] m oo
el LG T TS S I
EENER , LR 4 NENER L1 AT NN Je ' ol
LT \ 1] RaRHNS S e T SRENERNR-I RN 8
RRRNS LN ol LU e e e e I i )
Sl e TR e e R e L TEH T -+
- : x b el A R Sk Ak 3N
N I I -M_ 7 ._.;\ . . - Pl ] )= - | :
- L - R} | O 1 I O - . : -1 ! ; -
S T & TSN L e e e e e ] delat :
Jl\ /w I‘I,.ln PR o by e O .Mm [ S ot !|,w _ M'lmu..“ Sl B -
1 o 1 IHHk b | TS o
HHIS : R T H R e 0

SRR

i
x
‘_
T
;
b
bl
¥
.
1
i
iy
TN
-t
. | o,
Al

I D,
parent electrode bias fo
s

. - Ry I T O O IR . I 9
b - - {- -1~ ) @
.. ' cbae e - Y
- . . . b B N . e @
S RNEERERRROAR SR RE AR : & : 2
-1 . u( . . NI G R JR RGO A VY . . - o)

. - l.

~Transparent -electrode-b]
[
i
t
{

t
a«L
G ile

“ - i
. . |- N~ | A _‘ NN TR - ._v&l.
1 RSN _ >
EERENNEE RN ONIT L& _ - | By
- AL LTS we NN s B
- - _LN .I.I.Ity“. U .
- - g4 -l. . ni
THITTH iEE
EREERR a T i TV P T TR LR S ’ i Py
e RERENE
_L . _ I O O R ! R bt
Al NS E R R ~|- - m bR “ »
A1 - - m .Hw b _ i
Ll e d g forder e |t e = e \_9. - k Al
, \ b R | d L
O e N
s | - @ | 9__.ou: 5
1 : I 3 I e T ST % IR
t N 3 M R e R R
_ ; U P B : b
' by
| P e [ P
B - -{- | | ! ;F ‘ P
e wl TV ) .On T T 1T TETTET LU T3 -wz I P .m.._.AJ_.
| % | ERRE s
ﬁ (AT
_ 111 ] _ _ ol

\ CYCACH N VY
-

OO UIGUA W VUG -
1 Fol X L -l.ﬁs.’.ﬁ
CULO O HOMIEHL OL 0t X 03 W' (@

¥



o~
,

€
—

FeR

Y for

1
i
r !
4; e
-2

ave

T
i
!
}
T
i

-~

TTTTTETT T AT T FITTTT TR T
|3 ] I #. - : RN ERR RN A LT by
& EARRRRRAEE: T L | SR R RNl
w T : SR
T q T 0 - LR L
_-nM_ _ N N ] i i 1 - “laT T .1!..|.m-. 1
< ]

W.

> 2R SR

™

R
|
|
T
i
i
i
!
.
t
i
]
1

&

ol
]
|

SN
. \
]
i
{
Ty

|

{

]

T

]
![It

¥

4
vl

H

H

Y

P

VaRre CTSETIING

j
-

i

vs

RAdams
_“;QL;_

by

i
i

e
Pl R E|
e
i’s E
B orrg
2/

it
30
[+
»
i

{
|
]
[
|

A

del
-

S UGS VOu WU S T S S I S A -

I

3

[ L
P

A

s
-ING

]
]
¥
T
T
T
T
L
T T

i
{
[ |

LELL

wx

gt
£ SYLVANIEEGE
. ; 11 Do

—

i

i1

|

]

IR EN
|’_[l(
{

]

i
i
'

t

A—

{
T

“TPL—¢eecd

"ﬁt:
Goar
i
i
!
-
R
m N
T
E
N

N

I

¥

1

1

i
IEREEEEE

7

T
——+ T el
e

"l

|3 m
TS ST T T T AT - SR
A el R e LR ‘%V\.uw.‘,,ﬁg.,..“m,..uf 1k AL L
AN RREN JEEPT R e T .\A AL VAR & -Tw b
LRt e e e e Hf:.\ o e A 1 r e
RER By LR L U LR P A PR A L SRR RRRRRNN N
A RRN I LR @ .r\.\.\ SIREE \ L . 3 w I
. . A T T EINNEIRGN
PR R 1 DUy A TS HIG H L
TR TLTLEIN Y\\- LN T A ST 2> .
N i

i
#"43:"'-“

2

N
N
t
3
i
s

—{
ot
H

%,
é,

AW
N
TN
g0
o

[}
— L20Y

AN
SN
NN\
N
N
N
N
N\
[
t
(Men

b

—

i

\
N

h ¥

N\
T

H 1
10"
i
Is

"_—'T"""—'—‘ b

.
—~
N
X
N
T —

AN
AN
——\

3

1o
12¢
loo
go
o
Yo
20
©

(ma)

Ice

INCH

- 10 SQUARES YO

CHAMPION LINE NO. €642 -~ CROSS5 SECTICN



[

T BN NEal l|_ ] ] re
1
b 2] Iy | RN 2R R
B [ AN R IR | : .
v NN i B I A I O I I i __ N . _
<] h i a.‘..UJ !
p y
~ m. A N ANER NN o 70
] S T O I O O U O O - _ . a
@ - N I O NN N
n-f. 0 i
an’.ﬂ- Jld b EEC T e er R w.m a
Bla| 11 EED 1 HA A A B H
B%_a e BN REEREERR 1= nEN 7] ﬁ “
B Lol
EEIEEEDE: : THT R TS
- 7] oﬂ e ) . - S0 N % S O b -- - o !
ERd SR E NG LA il
t‘uﬁm. Qlu 3 B ‘!// 1T e | i R.:r. .2
A o B = N .
=B SEH T AT T F SR
i i e J D G I . . e | S
- HEBURRE R AN L ] - . - o o | 5
- Ol & Lo - NN EEE - i@ S| b
O 7Rk i v
\ uy 0
- N B e Rl - ’ [ | ‘
-1 ~=l — - 1 -1 - HEEN - el ]
- J N N - SR (N U S NS S . - n “ .
| ] SN AR AN R S - Il.llll - - m —ll_.’
: T = oL * |
n AT TN SRRN
- I ——- N - - e I R
N f
- o It - | e ll . 1T H 1
I i EEEER _ NN _ NEEEREEE
!
1 i B IO O _ 1 L !
1
e RENEE S 4 e - R !
n RN . R O |
-— - - - - -} - | - - - M m _Mﬂ.
18 SEREREE by |
R I Ms _ _ — H
. v M.wwm (3] L _ . R
_ 3 b . * i !
e T rd -
& -
% (=
et

O HALLA B ViAddNTI

V8N NI AaVRe

08L0 9V,

GAHtONE O X L
HONI 3HL OL O X Ot

-y

.L//#Vg




75

nje/vz

I?{Aa’aw\c

Tl i R : .. . N
H;L | .* gl - .
L m é R .-.,_.m. - R A4 . e
By T : T il
1l i ,
2 ] :r_ : -H-
b XUREN - - -
YRERY A1 L { . _ R
A3 o |- - . P
SHERER YRR R R, : - HEE) - SRRAERRN)
l<b UL T N
BESRRRNRERN:! 10 N |
Hﬂ J/- o - - 0
o 1 A B - - N
> - Mw. JU RS SR T RS S O o - Uz/. .
Ty [ o m) i :
Tk L b o T S
d RS _ . 4] . F
P R g - M RN
kAR 1HEf : ik
Blna]..a"l.nfw ‘w ot Y‘.-..a
X m " . w J § e fod -~ . | u
- i e L i b e e - i - _o
g e - |- >
“E ! L ; 1 i S S
- M ﬂ ) 1 1- i ~ M_.__
S 3 I myb a1
s WILCAWIL ) i ol bt
ERNE B NN Co ,_é
SRR L : ) o
RS N | ol
9 - E Ml
1 :
| e R '
* - =
_/ ]
. ar
1
e :
T .
. "o _ -
LI NERRR
R i - “ . J IMA
»

(ma)

2.0

.o

10 SQUARES TC INCH

oN

SECT

NO. 642 - CROSS

CHAMPION LINE



2T : i “
U, . s ) _
9 . T -
~ \ T
= o L
p. —e .:MW' - —
N —
L% MU> N _
AA. .
J 3 RN
Jille=B : EHE
-1+ g 3
o | T o
NEiEE A- PHEL RIS
i ST
- .- — ." ._
- | 4 (7]
SR - _o_ <
O N Y _J
- & R T i <2
’ 1% A\ _ : lﬂﬂam. ...F.E
i AR - i 1 2 i
- N - &L
RTS8
) gk 7]
‘ o |
| | 'QA\ |:.
- W
ﬁ ‘_l.
T b
L . IR
ikl AL

30

INCH

D

- 10 SQUARLS

TiON

NC.

CHAMPION LINE



77

S

'
'

i

v

#9—Serii

gure 31

i

F

Ja B

/a2

i
.A
H

’?» AL’!G‘MSI

Eg

35;"Qi§

X

I

)
!
!

€n

N Wwag

]

I disdiale

[

]
&7

R ——Y

"VELTS.

S6uReE U

S R SN

-

|
W13

<

TA

—£

'
i

—SvgeEL(

i
{

]
Lgs

(]

R

Ec

o

i

0

TED

T

3

B O O RS
N - i S Y O
S S ) - O U G
— I E fen
- 2 -~ -1 . — oy S .
- P SN SO S S S S
J SO N 0 SN S SN I SN N
L}
PR aefn [ D O

|
3
o

L] A

I RANSFARENT

'
P

nO*

+C3

A A

Fha)

102

0

SGUARES

SECTICN - 10

642 - TROSS

I

<

CHAMPICN LIN



78

1/e/72

B Adaw ¢

Y t. 4 T T T S HHEH EH 1 H e
SR T HE TR e R LI FIHE |
. . - . - R 0 Y O O O R L B I Y . IS i '
3 H | in T e e T R e T HAnEn et i
18 | ‘ TLEPEE e e e e e R et TR
| - \ - - i - [ T IR I O Y O - p 3 i . -
S _o_ 1Ty Lo o e R Tt LA @ Lo R
kL _. 4\ M - SO J N D e SO S - \\,-,U/u m - 41 -k
W ﬁ BN e B e e 1] raiis QJ*] Ir
HEE B T A R R e N_ m. T
e A2 . - - annanl IAEAE AN RARERERERARE
1l R - ﬂ ..ﬁ _ - _ L x.ﬂu IR EAEEEEE
AN = Y T e SEITE SRRENuE
I ” _h S~ _q _
VRIS s TN A
.K _ < ™~ ) f
G s linllE
LRI 4 Sl U
m" -_u" ; S Y e S T “.l..u N . JRR Y
s < CONAREEngRs e i S 1L
.,C R . vl_ 4 -k —f - - . E o e - S IO D S B
RE-RRCRN M R i TS B PR
ED s BT s b e e
1a w2 F SNRRRE ARF I
QL2 RIRALES - R i "
_. c P m 1 k ] NS RRERER=E
IR ARARE TR i L suuub i ERERRRE! TR
RS E S AR _L Lu- P
be YRR , y ﬁ
l;_f* .x ﬂ g U. -t »o I - _ { -
- vy ~ I D o — S 95 1 ﬂ .N R O - -
R3S G S e W E
L. 1 i .n. - W | A - ,4; - - - - .H _ _ 2 ‘,WH .%
i Tl . ! NERR NN . g I
T st 11z el e R L inant 7 i
- | A R N A AR ReERNAREAY TR Ll T
- -u. | - - . ‘_ ” ““ B IR N O O
al | TTTT TR TR T T T
< ¥ . A R ) O I O ' | |-
. H{ ] 8 o z Q AR RN i
A_ A nuRdl B o+ TRl T
e ot .- - - o - _V - -t p—i- - B - - —f e — - ﬁ.. lvw (- .ruﬁn fmer

.E

Ise

(mad 1.0

-— o= e o

CHAMPION LINE NO. 642 - CRGQSS SECYION - 10 SQUARES TO INCH



|
|

ENIEE
§Con

6B

i

, WS
0 4.

1
t

|
F

E”

1
T

'

: R 1. I [ ! !

SR A . - + -1 T_ iR, AR
I L S I - gl AR T H
R , . - N RN i _ L
- L = - RN o e SRR Haal
INENE _ i K RN )

_.i_ 0” - . ﬁ - 4 - m" -~ \l—
RESE AR Ll S u R m _ o
[P ' ~ _ . . 4 i e .- oU . S ‘_
S wial ah 1y ug - AERERRan] ,
I A : R _
S TR : : b :
Shelg LV E R fedicy i
bzl AT REEN AN i I m
: Skl At : 4T
1

_P..AJ‘ams

AFER DI~ SERTETHL

£8

H

VER ::a-@afeg:_—_

s )
A3} AR S HERuN
HEiE S -F_m‘ I AN T+ lolia - rEn
N N_ 2 e f _* _uﬂ .y . PN R Y S Sy W Ay B | |G - TR O W PO

K oo iy e | L B O O ot _._ _ . . N T

=1 0 N - " _ 1 L

cyy ] ..r)m....u.l;,l . -‘mvo \y - AL

BT 3 :_\. . 4 - < Iy L y

O F T NIT= - T

. O _ o ..-P‘. .—ﬁ T T I O
Al bl LR S BRNRS

v [ N

Sl el Wl I
BN nﬂn.“—l. Mm_ % 4o I RN
SRR AR R e 1z NI

—mw_ |V U W 9 T : .

5 S FTEE
b 11 i, L
T o NERNE m > _o Ny
Y 0 U N O - + ﬁ vl
- - R O S Y . ! IR w -
aEERk H Lifl -
P - ' 3 - C SO T N
e - - o s = H - S S DO OO O
: [ | TelEL i
JLLL \- jw H T
13T |
R | i 1}
AP H [ ERF 11t _ s RN

L

{ma)

o]

642 -~ CROSS SECTION - 12 SQUARES TO INCH

{ LINE NO.

.,
1

CHANPILO,



80

——

1=

/22

R Adous

SQUARES TO INCH

ETT T T T T P R R TR
“w # 1 - - ede - .. S g - BN W S ’. b [ —d e - - - - N RN - - . Py R ~ - — -
m L) e e e ‘,.,....,u].n_.,,,-,-f.._r...m,, T SR L
S e A T e e e e
GRS L R e e e e e e e e B e o
ar AR NRRAREERS R e e R NE R R e, MR}
% i AR R I R e o i g R o ke A e “ ;.._é_ i
Cﬁ_ VG ] e 8 e R T e T 8
. " | _ AN NN SRR~ O Y U U0 0 S IR RN T VO T A N0 0 N R O O T A T O T - O ! &~
191 IR e T e e e R S LR
RS ST PR SRR R PR R A A R T S R
e NENEEEED AR i T T T T T T RTT
m 3 ,w A et A NEMEREN SRR ,‘Hﬂ.\;;-j.,,w ot .@,_
= s ST | R I | R R A P R 3
Vw\_. c_-rn_.i i e [ DRI N S PN S G SN S S - - A T S —i~ b e no,'y
L e R e e e e T T T R
R ol 2l Sl A A e LIS
T S T R P AR R T R A ST
SRINEN VSRR FEEF R R /SRR aanE] _L o I Tr
] R P 0 Y BB T
s R U S e e Erer e e T T R P
WM r_ ﬂ mﬂ i R A I O A 1 O .;‘m»e. __ NRES Clopre -
Kk ¥ LR LA uunil BERER l i
IoE o R L R L A L R L R L It SRR
140! ~ +4 1 R NEENEE , EEEEN T3 ITi9 &y I RENN LD
B2 _* 3 - 2
S I I g |14 L A U O 0 O 1 1 o A O ™ O O _L 1L - eln et
TR S D R e i e e e e LS ] uen ERu
R TUE - 1TEE TR TS w L i
SR R3] LY o S R
o BP0 B ah e AREBR; \AVAREEESN 15 i - : :
| . - b "M" . B S Y ek - ARE RS S S
L : | g i RReeS
g ds _ - Aodedo b [ i L - AR
. IR AR AR | Buuuih I EsannRa AL IR o Lo
FrE b LS LS e e r_ RN
X ; i RRRERAN IRERRRERSS FRNNYR Y SRANN SN EEE I AR R
AT LLH b el R 1o
. - [ G 0% 58 o o - .m.‘“w IS SR S O N QU DU S S - ' . _r - R . b
1 TR b 9 T__ SR R TS g PRy
(S - - - -t P —t]e } _ - - s IS S N - - L D — ;l e =
A e ARRANREN R RENERES sy nnnnha Nl It R emmgas

(]

642 - TS5 SECTION - 10

NO.

THAMPION LINE



81

1L/5/72

L4
I
1

R )

7

JR— Y

2

s
(VO .
—

]

N TINCHES

2
4

Z

- - ——

’ Q./ﬂJau«s

D‘

HQZ,

Su

L :_ BRREE AR RAERSR FEE Lk
Em.___ _.ﬁ | -t -1 -1 S T
¢k | L e L
Wl o]l ] SEREN AR ]
,.m.mio_.rﬂ"ll.m T , T CF ___w
AR a1 A R :_\.“.
2|l . N : el 11 A
Kr_mf“ N = Tl N 4y
Wi M T 2L e ENNRRRAS
o it P
M, “ _ Lv KI'M . - — P00 VY U Wy -t - — (A S IO Sy -
E EG ﬂ.w LR - RN

H SIS RN - RN NN
¥I3 W R sun g N O AT -
LTI LR SR

s | I L] MR - - el
Th&_ ._w A -1 INNNS - § - HNEEE

S £

“Svee

1

AL S

QNNE‘HE&_ To

i:ﬂhl)
N7

g~
e

197

4

i -

LINE NO. 642 - CROSS SECTION - 10 SQUARES

. __‘ﬁ B N
e R A S
_w. N N ERERE L gy ARIna NN _o_ i
vin TS s L T vily :
N2z dfiSa=sN PRk LY ilS
9 iV WA i\a : : SERE |11 by Ll
_ _ ol ? “m ‘f
T L : N ) m m T
| ; A oS |
| | " X ailis L[y,___ b
A <l . A Ay i
: n > nENRERE S
5 JEs S L
: | - aERER R IRY Tl
It : , S
e T T Til TTHTTANTT R
= S L fol R A
| AL | o [IRNREARS
T : ! : - ManunAE R AR -4 ‘.._Tw w L
LT ‘ A - - 1 e e
- !
S 8 o ° “

Tsc
Lma)

T INCH

CHAMPION



82

I B

MEAF'f»ﬁ'_

)

-

Toiden ifif‘i(lf[a e

12/4/22
il

ua

<v

|

——lglises —ar

1 i b
R

[
<.

&

]

B
ot

!
M
i

Subee)) (Y —

I

Its -

)

-

)
v

7

éc A‘]ﬂm ) -
/

(> IRk )4

_abh
Yoo

¥ |

v T
I

(24

LIA

t
+
i
!

enlieg

AV}

i B v

LI S

Ve ¥ ¥

SV 31T
i

VT
i

i
'

i

!

whckt—Sqyluaa

[
L

[

— =

Jii!

[

[

Y

R

'

..4V

[T
I
[
P
N

N

™~

N NIEN

CEt—

1
v

[N

I S i N oY S 15 T

i
1

vt

N——]

-

[

<

=3

I

ST S—

e,

-20V.

o

. S /YY)

AV

‘OD UISUD W HALNIN

08L0 9 HONI 2HL OL UL X O}



83

on

"
i T 7 T T TTT

H._LL..;;,.* T BEED | e LR I 1 I‘LM : Lu NN RaNE Wﬁ. o ﬁ_._; N # j, .

ﬁ ERRREEN - A e T T R ll-I.ww ...‘*‘J! AT . s -

Fo L e P 2 m RESEIAN “

d - ) B - . JO 5 X i A T N Y I O R (O o - .
unE NEREEEREN RN LA T2 Tsr B _ - -
- G T I - T [~ O U 0 O O A"+ R P _ , i V-

3 ANR R SRR || i Ly i

- ) KN % ol Id g | el id BN i

7/ Q7 _9 N KN RS i o K

-~ - 1= - - o —- - O |11 | {10 m.l "

EREN TS = g R .E-l-.m .eiﬂ.J-l ] RV LT ) -

EREEN RN 1 ANEN =/ AN W) S O v = O I EERRE L

13 7 T R3] By & = Q ! rrd N
=
T - o =T - o N i e = =1 P = ot i s e i ot I ¥ I Sl LTSV I R G AW EE= Rt s il ol - ol it nal e e T - — e
F - -1 —-1- - - R e 1L @ i O - R o = S SR S S
- - i O O O O B A O OO B MO (O - m:-!..n prARS NN I 1 O O -

N S — i I DU N — - - - — - PR D S R UG -} —_f - Y n>yi||, . e f ) B iy - - - S

. - - - ENEE - . 48 1.L9m.il||-|l- L BEERRE R

B L ERERREEERRRER / ‘ o el ld S ono e ) ) R !

- \ q I7T1& 1P )8 ) ]
I T RERNER L T HENE
NEEE RN 0 1 O O O D w/., VEREEEEA R AR NN RN NN R AN RN S :f

i __ A _- ) EERNEREA f N TS TS “mxuil L N { R .

- SN Bl | RERREE _
, | R g
_ ' - S I - R ! P ! i

4- RS . A // |- B . . _ m:“ L L)

! - e e - OO JONES [ S Dy o - _ - JUON [ URN N AU Y [ORD N N O P O g i IS NI -

T N e T T NS L el loli T
RSN mlEENEN NN D REARR-TN ]
N [F - T SE e ”

i A A L PR : : SU1% ol 1] 1]

- -1 - i o i e e B -+ .l,g/X S -1 - - v gy ;; i

1T ) err i TN T NG [t A .k g 50 ,ﬁ j m

E 1T T T - TS T T T i T TS

~ v

—-1- ] - - -4 - - - -t . J.HJWHHW SRR _ - P.w . _. “.. e

_ _ - RN RN NN EENEEEE. XN FRERRE- 1NN AN i
| | - - NN T %:_ _ m

- B N T ) [ _"_
" A4 i1 - o . ; |
ANk N . ” 0 NN t | Muw RER m | |
! o : | [ LAl | Jw
1 - - T e | SN N0 M “_._ -
- =t - - - - —= - b i i Pl Py
. - O S O S U O - “ w -~ - wu -
AU L
ST T LA G R : R AHNERER A
) RENRE B 1 ANERYX mw LT B [ a1l P
i { . . RREN . N nﬂUv i _ Pl
& = i _—
_ 11 ARE ! " Pl )

: T IRRRNARE 111 e i ‘_rn

ST : ' - - 1D - i I : IR

i [} i} | _ YN

TOD UASSI P IALININ
WUBCN N1 20N SIHONY O X L&
0840 O HONI AHL OL O\ X O



84

i

exide

—————d

t
!
|
1
:
!
7
)
o

i
T
-
1lluminaticnl
: o

3
1.0

aatio)
4000~ — ———
-
-
T
i

il alriiaoed

/.
—
]

-~

T

A S,

knéss
!
i
T

]
)
;
7
;
i
i
i
i
i
:
|
[
b
!
;
vl
7
]
i
i
|
i
|
i
PEPY
Vg
]

fo.
T
2

IS
i

T
[
T
[
!
i
]
I
}
Ty
I
]
[
I
|
i
|
i
1
i
|
I
T
SE-
ress for-arraysof
remperaTure
aantam

ifcandescent

4
‘AM
pasSaaiiig

lédﬁmﬂf

i
i
IOV OO

FBE

l;rﬁa] lisolaricells]

[T Ottech

NaCY

|
1
[
H
i
1
T
¥
i

ited -OxideThis

s

£z Y j=p & CISC =
: thiick

H
i

.

;

|

i
———
7
-
Pt
i
I

!
t i
1
1
i

|
[
./
]
1
!
T
F
[
Y
1

j

i

i
T
\
L
\
VL
2000-

Contamin

{

i

!
i

i

i
T
i
1
7
;

T
+

1

t

;

i

1

i

Lo
i
C
Yoo
!

1
o
!

H

i

i
by
Yy
{r
¥
!

i [
1
i ‘
i
v
P
i
1
i
H
t
T
i
1
)
[
:

1000~

e e I —d - - - — - - DUPY Y SO o DU NN g S I (R G g efeeed —f o [ U . _ !
= " - - . - - - [ I

{
i T ’ 1 FRUAEN 100 W nw“. m) i .mﬁ REEREE m P
PRsEai) RERRERNESREURRARY S RN
W_L =1 | o ‘; b .

ECCLEECL T L | el

. : i ' .MDJ ' |

. | . L)t

] ! 1 T Tl .ﬁ T
- A ; -

: i _hﬂ ! 4
TP T = e T T b e -;-:.fm.ﬂA. R
3 * “ il

il i , ERRAEAAC

L SN RR g

O UASED W 124407
weecn M anva SYHINI O X 4 H«éﬂﬁ
. . 0820 O HONIIHLOLOL X Ob wd



85

Onset of inversion

Bottom of conduction band

<

— —_— — e — = Ef (Fermi ‘level)

Top of valence band

Onset of strong inversion

Figure 39

Band Structure of Semiconductor Surface
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APPENDIX I

STANDARD PROCESSING SCHEDULE FOR
TRANSPARENT ELECTRODE CELLS
Clean wafer with chromic and nitric acids, organic solvents and short
HF dips.
Grow 6000 & of steam oxide.
Using photoresist techniques, etch oxide for diffuéion.
Phosphorus predeposition at 1050°C.

Strip all oxide.

‘Drive in n type dopant (phosphorus) and grow silicon oxide to desired

thickness at 1100°C.

Deposit transparent oxide (Sn02) in special furnace apparatus.
Photoresist and etch SnO2 to SiO2 surface.

Photoresist and etch SiO2 to Si surface.

Evaporate metal on wafer. (Aluminize)

Photoresist and etch metal. S

Sinter.

Test.



